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Abstract: Cyber-physical testing has been applied for a decade in hydrodynamic laboratories to assess the

dynamic performance of floating wind turbines (FWT). Rotor loads, computed by a numerical simulator fed with

measurements, are applied in real time on the physical floater by using actuators. The present paper proposes

a set of short and targeted benchmark tests that aim at quantifying the performance of actuators used in cyber-

physical testing of FWT. They aim at ensuring good load tracking over all frequencies of interest, and satisfactory

disturbance rejection for large motions. These benchmark tests are exemplified on two radically different 15MW

FWT models tested at SINTEF Ocean.

Keywords: cyber-physical testing; hydrodynamic testing; floating wind turbines; actuator; cable-driven parallel

robot; performance

1. Introduction

Performing hydrodynamic model tests is standard practice for offshore structures and is often
recommended or required by codes and classification societies [1,2]. As we venture into the world
of sustainable energy, floating wind turbines (FWT) play a crucial role in capturing wind power in
deeper waters. However, performing hydrodynamic model testing of FWT poses several challenges,
the major one being the Froude-Reynolds scaling conflict, which prevents accurate modelling of rotor
loads in hydrodynamic laboratories [3]. Several techniques have been developed to address this issue,
including performance-matched rotors [4] and cyber-physical approaches [5,6]. The present paper
focuses on the latter approach.

Generally speaking, cyber-physical testing is a method that combines numerical simulations with
experimental testing. The goal of the method is to obtain more accurate results than what could be
achieved with each method separately. In cyber-physical testing, a physical and numerical substructure
are coupled in real-time using a control system. This technique has been applied to FWT testing for
about a decade at SINTEF Ocean under the name ReaTHM® testing1 [6,7]. OpenFAST2 has been
used to compute the rotor loads. These are applied on the physical substructure (the floater in the
hydrodynamic laboratory) using a Cable-Driven Parallel Robot (CDPR) [8]. A CDPR consists in a set
of winches, pulling each on a given point of the model. CDPR are used in several laboratories [9,10].
Current alternatives to CDPR are single fans [5,11] or multi-rotors [12–15].

There are significant differences between the actuators used in cyber-physical hydrodynamic
testing: their intrusiveness in terms of weight and space, how many of the six load components they
apply, how fast they respond to a commanded change of load, and how they cope with floater motions.
The fidelity of cyber-physical tests relies on the performance of the control system as a whole [16,17],
and of the actuators in particular. As of today, there is no standard way of assessing this performance.

The present paper proposes a set of short and targeted benchmark tests that aim at quantifying the
performance of actuators used in cyber-physical FWT testing. They aim at verifying the performance

1 ReaTHM® testing stands for Real-Time Hybrid Model testing, and is a registered trademark of SINTEF Ocean
2 https://www.nrel.gov/wind/nwtc/openfast.html
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of the actuator prior to running tests in a combined environment, and can be repeated on a regular
basis to ensure a functional setup over long test programs. The procedure is exemplified by laboratory
data acquired using SINTEF Ocean’s CDPR as a particular case. Note, however, that they are relevant
for any actuator solutions and for other applications of cyber-physical testing beyond FWTs.

The paper is structured as follows. First, a general overview of the control loop used in cyber-
physical hydrodynamic testing is presented, with a particular focus on the CDPR actuator. Then, two
case studies are introduced involving wind/wave/current tests of 15MW FWTs, and illustrating the
performance of the CDPR. In the fourth section, targeted benchmark tests for the CDPR are introduced,
and it is shown how the performance of the CDPR obtained from these benchmark tests can be related
to the tests performed in more complex wind/wave/current conditions. Conclusions are given in the
last section.

2. Control Loop of a Cyber-Physical Model Test Using a Cable-Driven Parallel Robot (CDPR)

The typical control loop of a cyber-physical model test is illustrated in Figure 1. When using a
CDPR, the actuators consist of several force-controlled winches located around the basin, which are
attached to the model (referred to as the physical substructure in Figure 1). Sensors mounted on the
model typically include an accelerometer, a gyrometer, and an optical motion capture system that
measures the floater’s position in six degrees of freedom (6DOF). The Observer block in the control
loop comprises a kinematic observer that estimates the position and velocities of the model, which are
then used to calculate aerodynamic loads in the Numerical substructure. The resulting desired loads
are fed into the allocation module, which calculates the target tension in each of the lines that yield the
target load vector (commanded by the numerical substructure).

This control loop is rather generic and can be instantiated for various applications beyond FWT
testing, such as testing of wind-assisted ships [18], and estimation of nonlinear hydrodynamic loads
on moored structures [19]. In the following we will present in more details the working principle
of the actuator (the CDPR), and the allocation module, which are of particular importance for the
present paper. A thorough description of the force controller for each individual actuator has been
given in [20].

Actuators Observer Numerical 

substructure

AllocationController

Physical 

substructure

Sensors

Figure 1. Generic control loop of cyber-physical testing.

2.1. Coordinate System and Kinematic Transformations

We follow the notations of [21, Chapter 2] and define two frames of references: the first one
is Earth-fixed and denoted {n}. The second one is fixed to the FWT and denoted {b}. Two direct
coordinates systems (O, n1, n2, n3), and (B, b1, b2, b3), are associated with {n} and {b}, respectively,
with reference points and orientations that depend on the application at hand. Typically, for FWT,
point B is located at the tower top, and b3 is along the tower’s axis, pointing from the tower top to the
tower base. The Earth-fixed n1 and n2 point towards the North and the East, and {n} and {b} coincide
when the FWT is at rest.

The position of {b} relative to {n} is described by the position of B in {n}

p := (x, y, z)⊤ (1)
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The orientation, also known as attitude, of {b} relative to {n} is described by the Euler angles

Θ := (ϕ, θ, ψ)⊤ (2)

which denote the roll, pitch and yaw angles, respectively. The body pose vector is

η := (p, Θ) (3)

The rotation matrix R(Θ) ∈ SO(3) maps vectors from {b} to {n}:

R(Θ) = Rz(ψ)Ry(θ)Rx(ϕ), (4)

with,

Rx(ϕ) =

1 0 0
0 cos ϕ − sin ϕ

0 sin ϕ cos ϕ

, Ry(θ) =

 cos θ 0 sin θ

0 1 0
− sin θ 0 cos θ

, Rz(ψ) =

cos ψ − sin ψ 0
sin ψ cos ψ 0

0 0 1

,

(5)
leading to

R(Θ) =

cos ψ cos θ cos ψ sin θ sin ϕ − sin ψ cos ϕ sin ψ sin ϕ + cos ψ cos ϕ sin θ

sin ψ cos θ cos ψ cos ϕ + sin ϕ sin θ sin ψ sin θ sin ψ cos ϕ − cos ψ sin ϕ

− sin θ cos θ sin ϕ cos θ cos ϕ

 (6)

2.2. Load τ Applied by the CDPR from the TensionT in the Cables

The CDPR consists of a set of na actuators (typically 6 or 7 for FWT testing) mounted around the
hydrodynamic laboratory, each connected with a cable to a frame located on the top of the FWT. See,
for example, [8] for alternative CDPR configurations. For each actuator i ∈ {1, . . . , na}, let pn

a,i be the
fixed position of the ith actuator Ai around the basin. Similarly, let Ei the ith attachment point of the
corresponding line on the FWT (often called the "end-effector" in the CDPR literature). The constant
vector rb

i in {b} describes the position of Ei with respect to B. It follows that the absolute position of Ei
in {n} is

pe,i := p + R(Θ)rb
i (7)

For each actuator i ∈ {1, ..., na}, let now fi ∈ R3 be the force acting on the FWT at Ei, equal to

fi = Tiui (8)

where the cable tensions are gathered in a vector T ∈ Rna , and ui ∈ R3 is a unit vector given by

ui :=
pn

a,i − pn
e,i

|pn
a,i − pn

e,i|
∈ R3 (9)

We then define the load vector τ ∈ R6 applied by the CDPR. Note that τ is expressed in the local
coordinate system {b}, such that τ1 would for example refer to a "surge force", and not a "North force".

The so-called Jacobian matrix (or configuration matrix) J ∈ R6×na links the tension in the cables
to the load vector τ by

τ = JT (10)

where

J = [q1, q2, · · · , qna ], with qi =

[
R(θ)⊤ui

rb
i × R(θ)⊤ui

]
, i ∈ {1, 2, ..., na}. (11)
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where the transformation R(θ)⊤ui expresses line i’s direction in {b}, and the cross-product computes
the moment of the force fi about the point B.

Note that J varies in time due to variations of the attitude Θ of the FWT, and to the variation of
the position p of the FWT involved in the expression of ui. To compute the load τ applied by the CDPR,
it is therefore important to keep precise track of the tension in the cables and on the pose of the FWT.

2.3. Tension Allocation

In the previous section, equation (10) linked the tension T in the cables to the load τ applied on the
FWT. During cyber-physical tests, tension allocation consists in choosing T such that the resulting load
τ = JT matches a desired reference load τref ∈ Rnc . The integer nc ≤ 6 is the number of components
of the rotor loads that one wishes to apply. Typically, in the context of FWT testing, the heave load is
not of importance and can be neglected [22], while all other load components are included, so nc = 5.

The allocation problem is cast as the following optimization problem:

T∗ = arg min
T

na

∑
i=1

(T − T0)
2
i subject to J̃T = τref (12)

where T0 ∈ Rna is a preferred set of tensions (which we will come back to), and J̃ ∈ Rnc×na is the
Jacobian matrix expressed in (11), but in which lines corresponding to components that are not actuated
have been removed. If heave is neglected, for example, J̃ is obtained by removing the third line of J.

Equation (12) translates the fact that we wish to minimize deviations from a ”preferred” tension,
while ensuring that the nc actuated components of the desired load are as requested. The preferred
tension T0 can be selected in different ways. If each winch is designed to apply a tension close to 20 N,
T0 can be chosen as [20 N, ..., 20 N]⊤. Note that in general, JT0 ̸= 0, meaning that applying the preferred
set of tensions does not necessarily lead to zero load. If this is desirable, then T0 should be chosen in
the kernel (or nullspace) of J̃.

A direct solution to (12) can be obtained by

T = T0 + J†(τref − JT0) (13)

where J† is the Moore-Penrose pseudo-inverse of J̃. In practice, τref and J̃ are provided at each time
step, meaning that equation (12) will be solved at every time-step. In that context, it is possible to
compute the pseudo-inverse J† efficiently in an iterative way[23]:

J†
i+1 = 2J†

i − J†
i J J†

i (14)

where J†
0 , is the estimate of J† from the previous time step, and iterations on i are performed until

convergence (typically after a few iterations).
An important remark is that the solution (13) based on pseudo-inverse does not guarantee the

positivity of T. It means that the tension commanded to the winches might be negative, which is not
feasible. If the CDPR is well configured, meaning that the actuators and attachment points have been
wisely selected, such a situation should not happen. Optimal configuration of the CDPR has been
discussed in [24], for instance. Another aspect which is not guaranteed by the present approach is
the smoothness of the solutions T(t), assuming that τ(t) is smooth. The interested reader is referred
to [25] for details about these issues and possible solutions.

Note that even if e.g. the heave force applied by the CDPR on the FWT is not controlled, it
is possible to compute the force that was actually applied using (10). For practical cases in FWT,
it typically amounts to a couple of Newtons directed along the tower axis, which is insignificant
compared to FWT buoyancy and inertia heave forces.
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2.4. Adapting the Preferred Tension

In some situations, for example when large heading variations occur, some cables might become
slack or overloaded. To alleviate this, the pretension T0 can be adapted [18]. One can for example
select T0 in the kernel of J̃, and scale it by a factor λ following the following adaptation law :

λ̇(t) = Kλ[I(Tmin − T)− I(T − Tmax)] (15)

where

I(x) =

{
1 if at least one component of x is positive
0 else

(16)

This moves the envelope of the tensions away from bounds defined by [Tmin, Tmax] tension values. The
gain Kλ is used to tune the speed of the adaptation.

3. Performance of the Actuator, Observed under Wind/Wave/Current Testing

This section will present the test cases, and show the performance of the CDPR when applying
time-varying loads, during testing in wind, waves and current. This will motivate the definition of the
benchmarks in the next section.

3.1. Description of the Test Cases

The control system and CDPR presented in the previous section have been used to perform
cyber-physical testing of several 15MW state-of-the-art FWT designs at SINTEF Ocean. Two of these
have been selected for the present study, as they differ significantly in terms of floater design, motion
properties, and tower modelling strategies. The tower of FWT1 is stiffened compared to reality,
while the one of FWT2 is designed to represent the first tower fore-aft and side-side tower frequency.
Furthermore, the chosen FWT support two different 15 MW generators.

The natural frequencies for the rigid body motions and tower deformations for the two FWT
models are given at model scale in Table 1. Key excitation frequencies from waves and rotor loads are
also indicated.

Table 1. Frequencies of interest [Hz, model scale] for the tested FWT.

FWT1 FWT2

Natural frequency - Surge 0.148 0.105
Natural frequency - Sway 0.150 0.121
Natural frequency - Heave 0.469 0.472
Natural frequency - Roll 0.247 0.243
Natural frequency - Pitch 0.242 0.229
Natural frequency - Yaw 0.088 0.079

Wave peak frequency ( fp) 0.543 0.552

Rotor frequency (1p) 0.80 0.90
Blade passing frequency (3p) 2.39 2.71
Double passing frequency (6p) 4.79 5.41

Natural frequency tower (wet) - fore-aft 5.65 2.15
Natural frequency tower (wet) - side-side 4.11 2.15

Wind and wave tests were conducted in the Ocean Basin at SINTEF Ocean (Trondheim, Norway).
The mean of the turbulent wind velocity was 11m/s which is close to the rated velocity for both
turbines, generating a maximum mean thrust. A nominal turbulence model was used. For the
considered cases, waves were aligned with wind, and followed a JONSWAP spectrum with significant
wave height of 0.18m (model scale), and peak frequencies indicated in Table 1. While FWT1 was tested
without current, FWT2 was tested in a current and exhibited larger dynamic yaw angles. Rotor loads
were simulated with OpenFAST, including gyroscopic effect, tower shadowing, and blade flexibility.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 August 2024                   doi:10.20944/preprints202408.0770.v1

https://doi.org/10.20944/preprints202408.0770.v1


6 of 20

In both cases, the CDPR included seven actuators placed around the basin boundaries. From each
actuator, there was a thin line attached to a frame on top of the physical substructure placed in the
basin. The tension in each line was measured and sampled at a frequency of 200Hz (model scale),
using a strain-type transducer with an accuracy of ±2% of measured value for significant response
levels. These force transducers were used to control the CDPR, and to compute the total load applied
on the structure using equation (10).

3.2. Description of the Observed Quantities

For both test cases, commanded and measured surge and sway forces are compared (denoted τ1 and
τ2, respectively), and roll, pitch and yaw moments about tower top (denoted τ4, τ5, τ6, respectively).
These loads are in a body-fixed coordinate system.

In Figures 2–5, the power spectral density of the commanded and measured loads are plotted at
the various frequency ranges, listed in Table 2. Separate plots enable the use of linear scales on the
y-axis (rather than logarithmic), which provides a clearer picture of possible discrepancies. Another
remark is that all controlled components are presented, not only the dominating ones. This is important
because it enables checking whether the actuator manages to apply near-zero loads when such loads
are commanded.

Bode plots that contain the RAO, including phase information between the commanded and
measured signals, are presented in Figure 8 and will be commented in details in the next section. In the
present section we will only consider the data represented by dots in Figure 8. Solid lines correspond
to the benchmark tests which will be introduced later on.
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Figure 2. Power spectrum of the load applied: (a) FWT1 and (b) FWT2. - Low-frequency range. From
top to bottom: surge, sway, roll, pitch, yaw.
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Figure 3. Power spectrum of the load - Wave-frequency range: (a) FWT1; (b) FWT2. Note that the scale
on the y-axis is not the same across the plots.

Table 2. Frequency ranges and reference to figures. F-A stands for fore-aft, and S-S stands for side-side.

Frequency range Min. freq.
[Hz]

Max. freq.
[Hz]

Figure
FWT1

Figure
FWT2

Low-frequency (LF) range 0 0.3 Figure 2a Figure 2
Wave-frequency (WF) range 0.3 0.8 Figure 3a Figure 3b

Near 3p & FWT2 F-A S-S eigenfrequencies 2 3 Figure 4a Figure 4b
Near 6p & FWT1 F-A S-S eigenfrequencies 3 6 Figure 5a Figure 5b

3.3. Low- and Wave-Frequency Range

The power spectra in the low-frequency range are shown in Figure 2a and 2b for FWT1 and FWT2,
respectively. This is where the energy of the wind spectrum is concentrated, and we observe a perfect
match for the low-frequency variations for both FWTs. For FWT1, loads in surge, pitch and yaw are
clearly dominating, roll is observable, while sway is insignificant. For FWT2, which exhibits larger
yaw motions, all load components are significant in this frequency range.

Figures 3a and 3b show the commanded and measured load spectra in the wave-frequency range.
The load has a peak at the wave peak frequency fp for both FWTs. This is because the wave-induced
motions of the floater, fed into the rotor simulator (numerical substructure), generate significant
aerodynamic loads (damping, for example). Thus, the wave frequency oscillations of the floater
are mirrored in the commanded and measured loads. For FWT1, surge and pitch loads are clearly
dominating, while all controlled load components except sway are important for FWT2.

The agreement between the commanded and measured loads at wave frequencies is very good
for all components of importance in the wave frequency range. This is confirmed by the Bode plots in
Figure 8, which indicate a perfect match in terms of amplitude and about zero phase lag in the LF- and
WF-ranges.
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3.4. High-Frequency Range

Figures 4a and 4b show the commanded and measured load spectra in the 3p region (blade passing
frequency). The peak in the spectrum corresponds to the 3p frequencies of 2.39 Hz for FWT1, and 2.71
Hz for FWT2, which are visible, and well captured in all 5 DOF. For FWT1, surge clearly dominates the
sway force, pitch and yaw moments of the same order of magnitude, and roll is insignificant in this
frequency range. For FWT2, surge and sway forces are of the same order of magnitude, pitch and yaw
moments of the same order of magnitude, and roll moment insignificant. For the non-insignificant
components of the load, the CDPR tends to apply larger loads than commanded, with an error on the
power spectrum of about 20%, which represents about 10% in terms of amplitude. This amplification
near 3p is also visible in the Bode plots (Figure 8), which indicates a phase lag of about 20o in this
frequency range. The tower fore-aft and side-side natural frequencies for FWT2 is 2.15Hz. Possible
resonant vibrations that could occur at this frequency do not have any particular effect on the CDPR
performance.

Figures 5a and 5b show the high-frequency range near 6p (4.79Hz for FWT1 and 5.41Hz for
FWT2), which is also near the fore-aft and side-side natural frequencies of FWT1’s tower (5.65 Hz and
4.11 Hz, respectively). The 6p excitation frequency is clearly visible on the plots, while the presence of
a tower natural frequency for FWT1 has no visible effect on the performance of the CDPR. As for the
previous frequency ranges, surge dominates sway for FWT1, pitch and yaw moments have similar
magnitudes, while roll is much smaller. The situation is similar for FWT2, except that surge and sway
loads are comparable. In this frequency range, discrepancies between commanded and applied loads
can be large, up to 40% in energy, meaning 20% in amplitude. This is confirmed by the Bode plots in
Figure 8, which in addition indicate a phase lag of over 40o between the commanded and applied load
near 6p.
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Figure 4. Power spectrum of the load - 3p-frequency range: (a) FWT1; (b) FWT2.
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Figure 5. Power spectrum of the load - 6p-frequency range: (a) FWT1; (b) FWT2.

3.5. Summary

This section illustrated the typical performance of the actuator (here a CDPR) to apply commanded
loads during realistic wind/wave/current scenarios over a wide frequency range. However, in such
complex tests with combined load sources and complex floater motions, possible issues related to the
actuator are difficult to detect, understand, and solve. This is why, in the next section, a set of short
and targeted benchmark tests are presented. They aim at verifying the performance of the actuator
prior to running tests in combined environment, and can be repeated on a regular basis to ensure a
functional setup over long test programs.

4. Benchmark Tests

When investigating the performance of a control system in cyber-physical testing, it is crucial to
define the purpose of the tests, and hence the Quantities of Interest (QoI) [16,22,26]. When applied to
FWT, QoI are the ones used in the verification of the FWT design, or in the calibration of numerical
models: motions of the floater, accelerations at the nacelle, tensions in the mooring lines, and internal
loads (shear forces, and bending moments) at the tower base. Frequencies of Interest (FoI) are also to
be defined, which for FWT, are the ones listed in Table 2.

To achieve high-fidelity, the control system orchestrating cyber-physical testing shall be "transpar-
ent" from a QoI point of view. Formulated in another way: the interconnection between the numerical
and physical substructure should behave as if the two were ideally connected, i.e. the presence of the
control system should not affect the QoI [16]. As the scope of the present paper is the actuator (and
not the whole control system depicted in Figure 1), we transpose this requirement to the actuator as
follows.
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Requirements to the actuator: (R) the actuator should accurately apply loads over the FoI, and
this in spite of motions/vibrations of the floater. This accuracy is to be assessed based on the QoI
for the cyber-physical tests. A practical way to decompose (R) is to require (R1) that the actuator is
able to apply the loads accurately on a nearly fixed structure over the FoI. This is referred to as load
tracking. And (R2) that the actuator is able to apply a zero net load, and thus not influence the
dynamic behaviour of the floater, in spite of floater motions occurring at the frequencies of interest.
This is called disturbance rejection. Once (R1) and (R2) are both fulfilled, one can then verify that
the combination of both (R) is fulfilled by performing combined wave-wind tests as presented in
the previous section.

Note that [20] presents a controller for the CDPR in which separate components are in charge of
fulfilling (R1) and (R2), which facilitates the design of the controller, validation of its performance, and
troubleshooting.

4.1. Description of Benchmark Tests

For FWT, the main challenges for actuators are (1) good load tracking for all FoI, particularly at
high frequencies, and (2) disturbance rejection for large motions, which can occur at wave frequencies
and natural frequencies. Therefore, three types of benchmark tests are defined to cover such situations.

Benchmark tests: (B1) Chirp tests that verify load tracking performance. (B2) Free decay tests
during which the actuator must apply zero load. (B3) Wave tests during which the actuator must
apply zero load. (R4) Finally, wave tests during which the actuator applies wind loads.

As shown in Figure 6, benchmark test (B1) aims at verifying requirement (R1), while benchmark
tests (B2) and (B3) enable verifying requirement (R2) with the structure moving at its natural frequen-
cies, and at the wave frequencies, respectively. (B4) entails a final check of the actuator’s performance
in realistic conditions. Note that for some actuator types, such as fan-based solutions, it is easier to
verify (R2), as the actuator applying zero-load is simply deactivated. But (B2) and (B3) should still be
performed to verify that the mass, the aerodynamic damping and the power cord are not disturbing
the system.

The execution of these benchmark tests will be explained and exemplified in the following.

(R) Accurate load tracking in spite of disturbances

(R1) Accurate load tracking - fixed structure

(R2) Accurate disturbance rejection

(B1) Chirp tests

(B2) Free decay - zero loads

(B3) Wave tests - zero loads

(B4) Wave tests - wind loads

Requirements Benchmark tests

Figure 6. Overview over the requirements and benchmark tests.

4.1.1. Chirp Tests (B1)

Chirp tests consist of applying a constant amplitude load centred on zero at an increasing
frequency, such that the whole domain of FoI is covered. Several load components should be actuated:
a surge chirp force at tower top, then a sway chirp force. They will induce a pitch and roll moment
about the tower base, respectively. An example of a chirp time series in surge and sway force is shown
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in Figure 7. The actual applied load should be measured and compared to the desired load. If couplings
are expected between the actuators (such as possible wake/rotor interactions in multi-rotors), these
can be checked using (B1).
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Figure 7. Chirp time series that consist of applying a constant amplitude load, centered on zero. First
in surge, then in sway at the tower top, at an increasing frequency.

4.1.2. Decay Tests - Zero Load (B2)

This benchmark consists of free decay tests, where the actuator shall apply zero net load on the
floater. The initial conditions for the decays should be chosen as relevant for the test campaign. For a
FWT, the initial condition in position/attitude can typically be the one obtained when applying the
rated thrust of the turbine at tower top. This force is suddenly removed, triggering a free decay. Note
that during the free decay, the CDPR remains connected to the structure with its lines taut but applies
zero load (see Section 2 on CDPR for details). A similar test should be performed with the actuator
disconnected, and it is checked that the QoI are similar between the two tests. Natural periods and
damping ratios for the excited degrees of freedom should match too. As in (B1), the direction of the
initial force can be adjusted consistently with the test program, which can, for example, contain several
wind incidence angles.

4.1.3. Wave Tests - Zero Load (B3)

In this benchmark test, the actuator is again bound to apply zero load, but this time the motions
of the floater are triggered by waves. Motions will be rather energetic in the wave frequency range, as
well as in the low-frequency range due to nonlinear hydrodynamic effects. This complements (B2), in
which motions occur at the natural frequency of the floater. The type of waves selected for this test
should be based on the plan of the test campaign. The QoI measured during these tests should be
compared to those measured during a test involving the same wave but with CDPR disconnected.

4.1.4. Wave Tests - Wind Loads (B4)

This has been exemplified in the previous section.

4.2. Example of Results

Benchmark tests (B1)-(B4) were executed for both FWT1 and FWT2, as described previously. The
following sections show examples of results and their interpretation.

4.2.1. Bode Plots from (B1)

The (B1) chirp tests cover a frequency range of [0,6.5 Hz] for FWT1 and [0,5 Hz] for FWT2 at
model scale. Based on (B1), Bode plots can be drawn to illustrate the frequency-dependent relationship
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between the commanded and measured loads on the floater from the CDPR. Bode plots present the
amplitude ratio and the phase lag between these two quantities. Ideally the former should be constant
and equal to 1, and the latter to 0o, over the whole frequency range. Technically the amplitude ratio in
a Bode plot should be presented with a logarithmic scale, but this has not been done here as it makes
deviations from 1.0 less visible.

Bode plots for both FWT1 and FWT2 are shown in Figure 8. On each plot, data from actual tests
in wind, wave and current (discussed in the previous section) and from the benchmark test (B1) are
superimposed. For the former, the five controlled load components are shown. Note however, that
there are some frequency ranges where data is absent. This is because, in realistic wind/wave tests,
there is very little energy in the commanded load in these frequency ranges, meaning that computing
an RAO is not meaningful. In the benchmark tests, only two load components (surge and sway) were
tested, but data is available over the whole frequency range.
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Figure 8. Bode diagrams of the estimated transfer function between commanded and measured force,
(a) FWT1 and (b) FWT2, for each degree of freedom. The solid line is estimated from the benchmark
chip test, and the dots represent the estimation during a wave and wind test under operating conditions.
The latter is not displayed where the desired load was insignificant (as the ratio between measured and
commanded would be singular).
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The Bode plot obtained from the benchmark tests compares well to the one from normal operating
tests. They are also very similar for the two different FWTs tested here. The general trend is that the
amplitude error increases linearly from null at low frequency to +25% at 5Hz, while the phase lag
increases linearly from 0o at low frequency to 40o at 5Hz.

Putting this in the context of cyber-physical testing, it is important to note that this phase lag is
the one related to the CDPR only, Additional time delays, not related to the actuator (and thus out of
scope of the present paper), occur due to the calculation time in numerical substructure (here: rotor
simulation) and the exchange of data between different systems. Assuming that such a time delay td
exists, it will cause an additional phase lag of 2πtd f , which increases linearly with the frequency f . It
should be verified that such phase lag do not compromise fidelity [16], or they should be compensated
for [27, Section 8.3.2].

On top of these linear trends, dips in the curves are observed at 4.11 Hz and 5.65 Hz for FWT1,
and 2.1Hz for FWT2, which corresponds to the towers’ natural frequencies. These larger load tracking
errors are due to large vibrations of the tower that build up when the CDPR load approaches these
frequencies. It is however interesting that such force tracking errors are not visible during the wind-
wave tests of FWT2, even if there was energy in the commanded load at these frequencies. This is
likely because the resonant vibrations did not build up as intensely during a wind-wave tests as they
do during the chirp test.

4.2.2. Comparison of Motions during Decay Tests, from (B2)

Benchmark (B2) investigates the ability to apply zero loads by conducting a free decay test, where
the actuator shall apply zero net loads on the floater. Two pitch decay tests were conducted with and
without the CDPR connected using FWT2. Figure 9 shows a decay analysis from both tests, where the
natural period and damping coefficients are calculated.
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Figure 9. FWT2, Pitch decay test: (a) with CDRP connected; (b) CDPR disconnected.
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The decay tests reveal a good match between the damping coefficients and natural periods with
and without the CDPR connected.

4.2.3. Comparison of Motions - CDPR Connected and Disconnected, from (B3)

Benchmark (B3) assesses the disturbance rejection capability of the CDPR for frequency ranges
covering the low frequency to wave frequency. In presence of waves, the CDPR is requested to
apply zero load, and the Quantities of Interest are compared with their version when the CDPR is
disconnected. The comparison is carried out in terms of time series and power spectra, which are
shown here for FWT1. QoI considered are the motions of the tower top, particularly surge, pitch, and
yaw, which are the ones responding significantly in these conditions. See Figure 103.
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Figure 10. Motion power spectra (a) and time series (b) from tests with and without the CDPR
connected - FWT1. Top: surge, mid: pitch, bottom: yaw.

3 As the focus is on the comparison between measurements made with and without CDPR connected, and due to confidential-
ity requirements, the y-axes of this figure and the four next ones have been removed.
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The tests reveal a good match between the results obtained with and without the CDPR connected.
The left-most peak in the power spectra corresponds to the structure’s natural frequency, while the
second peak at about 0.54Hz corresponds to the wave frequency. The location of the natural frequencies
matches very well, and so does the time series of motions between the two tests. While the match is
nearly perfect for the surge motion, some minor differences are observed for the pitch and yaw time
series. However, it should be noted that these are small (typical amplitude of 0.5 degrees).

4.2.4. Comparison of Structural Quantities of Interest - CDPR Connected and Disconnected, from (B3)

Figure 11 compares the frequency spectra of the tensions in the three mooring lines. Similar
frequency patterns to the surge motion spectrum are observed. Both spectrum and time series
demonstrate good consistency between the tests conducted with and without CDPR connected.

This is also the case for the fore-aft bending moment measured at tower base, see Figure 12.
Figure 13 shows a close-up of the time series measurement of the internal bending moment during
a slamming event, triggering high-frequency vibrations of the tower. It can be observed that the
measured bending moments are the same with and without the CPDR connected.
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Figure 11. Mooring line tension (a) spectra and (b) time series from tests with and without the CDPR
connected - FWT1.
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Figure 12. Tower base fore-aft bending moment: (a) Power spectrum; (b) time series from tests with
and without the CDPR connected - FWT1.
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Figure 13. Close-up view of the fore-aft bending moment time series during a slamming event
triggering tower vibrations - FWT1.

4.2.5. Accelerations at Nacelle - CDPR Connected and Disconnected, from (B3)

Figure 14 shows the spectrum and time series of accelerations at the nacelle level. On the lower
part of the figure, the power spectrum is divided into low-frequency, wave-frequency, 3p and 6p
frequency range to better observe the frequency spectrum magnitude. Except a discrepancy in the
accelerations at 6p (but with very low energy), the accelerations compare satisfactorily with CDPR
connected and disconnected.
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(f)
Figure 14. Top: nacelle acceleration power spectrum (a), and time series (b); close-up of the acceleration
spectrum for various frequency ranges: (c) LF, (d) WF, (e) 3p and (f) 6p.

4.3. Summary

The defined benchmark tests enabled to assess SINTEF Ocean’s CDPR performance using FWTs
with different dynamic behaviours. It is found that the CDPR has good disturbance rejection capabili-
ties and very small load tracking errors in the low- and wave-frequency ranges. At frequency ranges
close to 3p, a phase lag of about 20 degrees and an amplitude error of 15% are observed. Both errors
keep on increasing approximately linearly with increasing frequency.

5. Conclusion

Actuators play a key role in achieving high-fidelity cyber-physical testing of floating wind turbines.
There are significant differences in the the type of actuators used across hydrodynamic testing facilities,
as they presently take the form of multi-rotors, single fans, single winches, and cable-driven parallel
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robots (CDPR). While it is trivial to compare their intrusiveness (in terms of weight and space required
on the model), or how many of the six load components they are able to apply, it has so far not been
clear how to characterize their dynamic performance.

The present paper motivated and introduced (1) a set of requirements and sub-requirements
to the actuator, (2) a set of simple benchmark tests that aim at checking that these requirements are
fulfilled, and (3) exemplified these benchmark tests using SINTEF Ocean’s CDPR and two different
15MW FWT concepts. The benchmark tests are meant to be performed prior to initiation of the tests,
and repeated on a regular basis during longer test campaigns to ensure their quality. It was seen that
actuator properties obtained during the benchmark and the tests under complex wind/wave/current
loading were consistent.

The need to identify quantities and frequencies of interest as a basis for assessment of the results
was emphasized. It was also recommended to employ linear scales (rather than logarithmic) and
splitting plots over the frequency ranges of interest (rather than showing only a single spectrum
covering all frequencies) to avoid missing some important benchmark results.

The future trend for FWT concepts is to accommodate rotors with rated power beyond 15MW.
By comparing the IEA 15MW and 22MW reference turbines, it is seen that the range of frequencies
over which the actuator should perform will not increase. However, static and dynamic rotor loads
will increase significantly. To achieve this, the actuator must be upscaled. A CDPR can conveniently
cope with this by adding more actuators, without increasing the weight of the reduced-scale model. A
short discussion about the consequence of such a reconfiguration of the CDPR on its performance is
discussed in the Appendix.
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Appendix A. Consequence of Reconfiguring/Upscaling the CDPR on Its Performance

A CDPR can be reconfigured, which means that the number and placement of actuators can be
adapted to the problem at hand. A relevant question in the context of this paper is then how the
performance of the CDPR is affected by this reconfiguration. To investigate this, the performance
of individual winches was compared to the performance of the CDPR as a whole. This was done by
revisiting the data from the chirp benchmark tests (B1) that involved seven winches. While the analysis
of (B1) has so far been targeting global loads, as presented in Figure 8, the tension measurements
obtained during (B1) can be used to investigate the force tracking performance of individual winches.
Figure A1 shows the average RAO for the winches (plus/minus two standard deviations) as a function
of frequency. By comparing Figure 8 and A1, it is clear that the performance of individual winches in
terms of load tracking corresponds to that of the CDPR as a whole. This indicates that the performance
of the CDPR as whole reflects the performance of the individual winches, and therefore that the
performance will not be significantly influenced by reconfiguration, e.g. adding more actuators to
achieve higher loads.
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(a)

(b)
Figure A1. Bode diagrams of the average RAO between commanded and measured tensions in the
cables: (a) FWT1 and (b) FWT2. The grey background illustrates ±2 standard deviations to the average.
Amplitude is denoted T and phase denoted ϕ.
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