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Abstract: This paper reviews experimental methods for testing floating wind turbines. The techniques
covered include early-stage and up-to-date approaches such as a porous disc method and hybrid
model testing. First, the challenges induced by Froude and Reynolds similitudes and the importance
of the various aerodynamic phenomena are discussed. The experimental methods are evaluated based
on their cost, versatility, requirements, and limitations. The work primarily focuses on representing
aerodynamic loads via hybrid and physical rotor testing, and a preliminary classification is proposed
to facilitate the selection of the approaches. The work does not aim to identify an optimal method,
but it provides insights into each method’s distinctive features, serving as a roadmap for selecting
the most appropriate methodology based on the specific testing goals and level of accuracy. Overall,
this study offers a comprehensive resource for testing the coupled hydrodynamic and aerodynamic
performance of floating wind turbines. The conclusions offer guidance for selecting an appropriate
methodology based on the desired testing outcome.

Keywords: floating wind; wave tank testing; software in the loop; low Reynolds blades; drag disc;
hybrid testing

1. Introduction

Fossil fuel-based power plants are environmentally harmful and accentuate global
warming. With the increase in energy demand and the intricate political status, the shift
towards renewable resources becomes more crucial [1], which reflects the good economic
prospects for the use of this type of energy [2]. To date, wind energy covers 35% of
renewables in Europe, with the majority of wind turbines (WTs) situated on land [3]. While
the conventional deployment mode is onshore, implementing WTs in offshore locations is
more efficient. The move to offshore utilization is driven by favourable wind regimes at
these locations, specifically higher wind speeds and reduced turbulence. In addition, the
visual, environmental, and auditory impact of offshore WTs is lower compared to onshore
installations, making them a reasonable choice for larger turbine deployment. Overall,
the benefits of offshore WTs deployment make it a viable option for renewable energy
generation [4].

Recent years have witnessed a marked trend towards the utilization of offshore loca-
tions for the deployment of WTs [1]. When water depth exceeds 50 m, floating structures
are deemed the most appropriate option. Recent analyses have shown that bottom-fixed
offshore wind turbines are financially infeasible above 50 m depth due to the high expenses
incurred for installation [5,6]. By contrast, floating wind turbines (FWTs) have demon-
strated better economic viability in deeper waters [7,8]. In this context, several designs have
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been developed, including tension leg platforms (TLPs), semi-submersibles, and spar-type
structures [9]. These designs are inspired by the oil and gas industry and intend to support
WTs under a coupled wind and wave excitation.

Given the complexity of the environment, the investigation of conceptual design dy-
namics is necessary to guarantee their operational capabilities. Various initiatives, both
industrial and academic, have been undertaken to progress the state of the art in floating
wind technology. Notable examples of implemented prototypes include Blue H TLP in
Italy [10], Statoil’s Hywind Spar in Norway [11], WindFloat semi-submersible in Portu-
gal [12], and FLOATGEN barge in France [13]. These designs were mostly developed
through a collaborative effort between industry and academia. LIFES50+ [14,15], IN-
NWIND.EU [16], and ARCWIND [17] exemplify the interdisciplinary cooperative research
between academia and industry in advancing floating wind technologies.

The collaborative work for floating wind projects follows a series of stages guided by
the Technology Readiness Levels (TRLs) [18,19]. The first stages (i.e., TRLs 1–6) integrate
both numerical simulations and experimental testing to validate the concept. Numerical
tools involve mathematical models and computer algorithms to estimate the physical prop-
erties and foresee the behaviour of the floating turbine. Design tools (e.g., ParMod [20,21])
and simulation software (e.g., OpenFast [22], Qblade [23]) offer the advantage of exploring
a wide range of parameters and testing various wind and wave scenarios. Meanwhile,
experimental testing provides a higher degree of accuracy and reliability based on direct
measurements of the system. Additionally, experiments can reveal unexpected phenomena
or behaviours that may have been ignored by simulations, such as neglecting viscous effects
in potential flow calculations [24] and the coupling between aerodynamics and hydrody-
namics. Therefore, complementing the numerical simulations with experimental testing
validates the mathematical predictions and provides a more comprehensive understanding
of the system.

To validate the theoretical predictions and the design dynamics, experimental testing
is necessary, particularly in areas where the theory falls short. Building scaled models
for hydrodynamic testing in a wave tank requires satisfying Froude (Fr) similitude con-
ditions [25–27]. Nevertheless, the Reynolds number (Re) is decreased, and thereby the
aerodynamic performance of the turbine is altered [28]. Accurately modelling mass (gravity
and inertia) and mooring loads introduce further challenges to the testing environment.
Furthermore, given the interplay between the turbine’s aerodynamics and the blade pitch
controller [29], incorporating the controller is generally not overlooked. Blade pitch control
strategies for onshore turbines induce negative aerodynamic damping effects when used
for floating wind systems (i.e., the motion is amplified rather than dissipated) [30–34]. A
noticeable effort is visible in testing and validating new control strategies for FWTs [35–37].
Therefore, testing the concept considering the coupling between all components is needed,
where both Fr and Re quantities are conserved.

The need for a testing environment that respects both Fr and Re poses a challenge for
FWT experimental campaigns. To overcome the Fr–Re scaling conflict, different method-
ologies have been adopted to represent the aerodynamics of the turbine. The earliest
techniques involved static cables that represent steady wind loads [38] or a drag disc to
replicate the rotor thrust [39–41]. Froude-scaled rotors (FSRs) were used with high wind
speeds to match the turbine’s thrust in the below-rated speed zone [42–44]. Given the
necessity for higher wind speed, performance-scaled rotors (PSRs) (i.e., a redesigned rotor
with an identical aerodynamic performance of the turbine at a lower Re number) were
then utilized [45–52]. The requirement of a wind generating system above the wave tank,
which is uncommon, paved the way to develop hybrid-testing approaches. The hybrid
methodology combines physical testing and numerical simulation in real-time. An actua-
tion system provides the coupling between the simulated WT and the physical floater in
the wave basin [53–62] or inversely in the wind tunnel [63–65].

Considering the variety of approaches to replicate the turbine’s aerodynamics, each
has its advantages and limitations, with some being more adequate than others in some
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cases. This paper provides an overview of these methods, their strengths, and weaknesses.
First, Froude and Reynolds scaling are reviewed, followed by the test’s sensitivity to various
aerodynamic phenomena. The experimental techniques are then detailed and evaluated
based on their cost, versatility, requirements, and limitations. The comparison between
the different methods mainly focuses on hybrid and physical rotor testing. The various
methods are organized to achieve that goal, and a preliminary classification is proposed.
The primary objective is to present an overview that compares the existing methods while
providing insightful observations on their distinctive features. It should be noted that the
ultimate aim is not to determine the “best” technique but rather to furnish a means of
comparing the different methods. The conclusion provides a roadmap for selecting the
suitable methodology based on the experiment’s goal.

2. Froude and Reynolds Similitude

The Froude number is a dimensionless quantity used to indicate the influence of
gravity on a fluid’s motion:

Fr =
U√
gL

(1)

while the Re number is the ratio of inertial forces to viscous forces:

Re =
ρUL

µ
=

UL
ν

(2)

where U is the wave (fluid) celerity, L is the characteristic length, g is the gravity acceleration,
ρ is the fluid density, and µ and ν are the dynamic and kinematic viscosity, respectively.

The geometric scaling between the full (f ) and model (m) scale environments is as follows:

L f = λLm (3)

where λ represents the scaling factor.
To ensure the hydrodynamic similitude (i.e., conserving the gravitational loads), the

Fr number is kept constant between both scale environments:

Fr f = Frm (4)

Table 1 presents the Froude-scaling factors for some parameters for a constant fluid
density. For a detailed understanding of the scaling methodology see [66].

Table 1. Scaling factors for some parameters using Fr similitude.

Parameter Units Factor

Length m λ

Time s
√
λ

Volume m3 λ3

Force N λ3

Moment N·m λ4

Power W λ7/2

Inertia kg·m2 λ5

Angle Rad 1

The velocity and time relationships according to Fr scaling are as follows:

U f =
√

λUm → t f =
√

λ tm (5)

while for Re scaling, they are related as follows:

U f =
Um

λ
→ t f = λ2 tm (6)
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From Equation (5), if Fr similitude is applied, the relation between the full and model
scale Re numbers is as follows:

Re f = λ3/2 Rem (7)

Equation (7) demonstrates a lower Re number at the model scale where Fr similitude
is applied. For instance, the Re number is reduced by a factor of 350, nearly three orders
of magnitude, for a 1/50 Fr scaled model, as seen for the DeepCwind semi-submersible
testing [67,68]. Applying Fr scaling to the floater and Re scaling to the rotor is limited, with
the need for ferocious wind speeds at the model scale and difficulties with scaling down
time. For instance, if the geometric scaling factor (λ) is 30, a wind speed of 300 m/s is
required over the basin to represent a 10 m/s Re-scaled wind, and one second Re-scaled
period represents 900 s at full scale (Equation (6)).

3. Significance of Aerodynamic Phenomena

FWTs experience environmental loads throughout their lifetime, classified into hydro-
dynamic, aerodynamic, and inertial loads (Figure 1). The equation of motion that governs
the behaviour of an operational FWT, following Newton’s second law, can be expressed as
follows [69]:

[M + A]
→..
x + B

→.
x + [Ch + Cm]

→
x =

−→
Fex +

−→
Faer +

−→
Mgyr (8)

where
→
x ,
→.
x , and

→..
x are the system’s motion, velocity, and acceleration tensors. M represents

the mass and inertia matrix, A is the added mass matrix, B is the damping matrix, Ch is the

hydrostatic stiffness matrix, Cm is the mooring stiffness.
−→
Fex the incident wave excitation

force,
−→
Faer is the total aerodynamic tensor, and

−→
Mgyr are the gyroscopic moments. As

the methods discussed in the paper focus on replicating the turbine’s aerodynamics, the
following presents the importance of different aerodynamic phenomena on the responses
of an FWT.
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3.1. Aerodynamic Loads

The aerodynamic conversion process at the rotor creates in the hub frame an aerody-
namic tensor of six components [70]:

−→
Faer =

[
Fx; Fy; Fz; Mx; My; Mz

]
(9)

The thrust force Fx dominates the two force components Fy and Fz. The generator
torque Mx also dominates the local aerodynamic pitch and yaw moments (i.e., My and
Mz A load sensitivity analysis is made by eliminating the non-dominating aerodynamic
forces and moments when simulating a semi-submersible FWT [70]. It is concluded that
My affects the platform pitch motions and mooring line tension with 10–15% changes in the
standard deviation are seen. Mz has significant effects on the yaw response (i.e., 2–10% in
the parked case), and is usually small and excited at low frequency. If torsional responses
is not aimed, Mz can be neglected for operational scenarios [70]. Fy influences the sway
motion, roll motion, and tower side–side bending moment, which are typically smaller than
the corresponding surge, pitch, or fore–aft bending moment. Fz has a negligeable effect on
the platform motions in operational conditions. However, Fz affects by up to 15% the surge,
pitch, and yaw motions for parked conditions and misaligned wind–wave conditions.

In addition, wind turbine controller settings modify the platform’s dynamics. The
controller adjusts the blade’s pitch angle and the generator torque, which alters the aero-
dynamic loads [29]. Platform pitch instabilities may be induced if a land-based controller
is used for FWT [30]. To prevent instabilities, FWT-specific control strategies are devel-
oped [32,71,72]. Thus, emulating the controller during the tests allows the replication of
the coupling effect between the controller, aerodynamics, and the system dynamics.

3.2. Inertial Loads

In addition to the aerodynamic loads, inertial loads are produced due to the rotation
of the blades. The centripetal acceleration of the rotor results in an inertial centrifugal force.
Each blade element with a mass dm and flapping angle β, located at a distance r from the
blade’s root-end, is subjected to a centrifugal force dFc along the chord direction [73]:

dFc = r ω2
r dm cos β (10)

For perfectly symmetric blades, the total centrifugal force would be zero. However, as
the blades are unbalanced, a small resultant force will be generated periodically at the rotor
speed (i.e., 1P frequency).

Moreover, any rotational motion of the platform will produce a gyroscopic moment
due to the rotor’s rotation. For instance, a platform pitch motion induces a yaw moment
for a horizontal axis WT. The gyroscopic moment is defined as follows [74]:

−→
Mg = Jr

−→
ωr ∧

−→
Rp (11)

with Jr is the rotor inertia,
−→
ωr is the rotor’s rotational speed, and

−→
Rp corresponds to the

platform rotational speed vector.
The sensitivity analysis conducted on a semi-submersible demonstrates that the gyro-

scopic moments and centrifugal forces primarily affect the sway, roll, and yaw motions up
to 5% in operational conditions [70]. Disregarding the gyroscopic effects for a spar FWT
overestimates the tower torsion up to 17% [75].

3.3. Loads Frequency Bandwidth

The excitation loads are distributed along a frequency bandwidth [40,53,76]. In exper-
imental testing, the loads should be emulated with the correct amplitude and frequency
content. Table 2 exemplifies the bandwidth for the OC3, OC4, and the triple spar mod-
els [53], explained as follows:
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• The low frequency (LF) range may coincide with the natural frequencies of the FWT
along the 6 degrees of freedom (DoF). It should be noted that TLPs have high natural
frequencies in heave, roll and pitch as the moorings increase the system stiffness [5,21].

• The wave frequency (WF) range exciting the platform motions.
• The 1P and NP rotor frequencies range corresponding to the frequency of one full

rotation of the rotor and the frequency at which one blade among N blades passes in
front of the tower. NP would be referred to as the 3P frequency for a three-blade WT.

• The first fore–aft and side–side tower bending mode (Twr 1st).
• The high frequency (HF) range, including the blade modes (flapwise and edgewise).

Table 2. Limits of the frequency bandwidths at full scale.

LF WF 1P 3P and Twr 1st HF

Low limit (Hz) 0.005 0.04 0.12 0.4 0.8
High limit (Hz) 0.05 0.25 0.2 0.8 2

4. Early-Stage Methods

Wave tank experiments were first performed to gauge the performance of FWTs. This
section summarises the earliest testing campaigns, including the methodologies (i.e., the
drag disc and static cables), strengths and weaknesses of each approach, and suggestions
for improving their effectiveness.

4.1. Static Cables

The static cable approach was initially employed by Utsonomiya et al. [38] to evaluate
the performance of a spar design. The main goal was to replicate the static tilt of the
platform correctly under wind loads coupled with hydrodynamic loads from waves. The
method involves using a cable (Figure 2) to imitate a static thrust obtained from the thrust
curve of a given turbine. During Utsonomiya’s campaign, decay, regular and irregular
wave tests, and regular wave tests with a steady rotor thrust applied at the tower’s top via
the cable were conducted. However, only a steady thrust force was considered, neglecting
other aerodynamic loads and interactions such as wind turbulence, aerodynamic damping,
controller effects, and gyroscopic moments.
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Although this approach is simple and quick, it lacks variability as it reproduces only
a steady thrust force without considering the wind turbulence and the controller effects.
Additionally, using the thrust curve of the WT does not account for the platform response in
the calculation of the aerodynamic load, and the gyroscopic effects are not considered. Fur-
thermore, this technique ignores other aerodynamic load components, such as aerodynamic
moments and the coupling with the blade pitch controller. In other words, testing with a
static cable is limited to steady wind cases where the rotor thrust is relatively constant.

One possible improvement to this method is to connect the cable to a dynamic winch
that can vary the tension instantaneously to match the thrust force obtained in a real-time
simulation of the turbine. This adaptation would convert the approach into a “Software in
the Loop” (SIL) system described in Section 5. Another enhancement is using a rotating
disc to reproduce gyroscopic moments [12]. Despite its limitations, this method remains a
valuable and straightforward approach for investigating the hydrodynamic response of
FWTs under steady wind loads [77].

4.2. Porous Disc

One possible method for reproducing the turbine thrust involves replacing the rotor
with a drag/porous disc exposed to an airflow (Figure 3). For FWTs, the use of this
technique has been documented in several research papers, including the 1:105 [12,39]
and 1:67 [40] scale WindFloat semisubmersible, as well as combined FWT-wave energy
converter (WEC) systems [41,78,79].
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The drag disc method boasts a high degree of versatility and ease of implementation for
various turbines. The construction and calibration processes are relatively straightforward,
highlighting the method’s practicality. Additionally, the method yields a consistent thrust
force compared to the thrust curve in the below-rated zone, which is beneficial when testing
wind turbines in wave tanks. The ability to generate wind loads below the rated wind
speed is particularly noteworthy, as it allows for comprehensive testing under controlled
conditions. In general, the drag disc method offers a compelling option for FWT testing
when a wind-generating system is available.
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Despite its use for FWT testing, the porous disc approach has considerable drawbacks.
One notable issue is the method’s failure to account for the gyroscopic moments, the
aerodynamic yaw and pitch forces and moments and the generator torque [41]. In addition,
the vortex shedding generated by the disc can cause vibrations that add more uncertainty
to the measurements. Furthermore, this technique is limited in applicability since it cannot
accurately simulate wind loads in the above-rated wind speed zone. Once the wind speed
exceeds the rated level, the generated thrust force will surpass the expected value from the
thrust curve, resulting in an incorrect emulated thrust. Attempting to simulate a control
system using the drag disc method is not feasible, so it fails to account for the coupling
between aerodynamics and the controller.

Consequently, it is unsuitable for testing control strategies and prevents varying the
thrust coefficient, leading to incorrect aerodynamic damping. The need for a wind gener-
ating system increases the test operating costs as such wind blowers are both expensive
to operate and not commonly available over the basin, which creates a barrier to the
widespread adoption of this method. Finally, a light disc is advisable to maintain a margin
for calibrating the system’s mass properties. While the WindFloat campaign has attempted
to address some limitations (i.e., using a spinning disc to replicate gyroscopic effects [12,39]),
the drag disc approach is still partially bounded, with several notable deficiencies.

5. Physical Rotor
5.1. Froude-Scaled Rotors

An obvious option for replicating the aerodynamics of FWTs is to use a Froude-
scaled rotor (FSR) in the experiment (Figure 4). In 2007, Marintek ocean basin laboratory
(currently SINTEF) evaluated a 1:67 scaled model of the Hywind Spar with an FSR. In
their campaign, two DC motors served to set a constant blade pitch angle and the rotor’s
rotational speed [31,33]. Likewise, the AAUE-TLP fitted with an FSR of the NREL 5 MW
WT and underwent testing at Aalborg University, where the generated wind speed was
amplified to reproduce the thrust force correctly [80]. A similar approach was adopted
by Ahn and Shin [81] to examine the dynamics of the Hywind Spar. In a study by
Bahramiasl et al. [74], in which the wind speed was also increased, a 1:100 Sea-Star TLP
model was examined to investigate the gyroscopic effects at different wind headings.
In the same campaign, a motor initiated the rotor’s rotation due to mechanical friction
blocking the rotation from the blowing wind. In another investigation by Wen et al. [82],
an FSR was utilized to evaluate the aerodynamic loading effects on the JTU-S4 spar model.
Michailides et al. [43] investigated the performance of a combined wind–wave energy
concept (SFC) in extreme conditions. They used an FSR calibrated in a wind tunnel to
obtain the expected thrust for varying wind speeds and blade pitch angles.

A notable campaign is the DeepCwind in 2013 [42,44,83] at MARIN, where three FWT
systems (Sea-Star type TLP [84], Hywind spar [85], DeepCwind semi-submersible [86])
were scrutinized. It brought the first floating offshore wind data available to the public and
allowed others to learn from the issues that arose during their tests. The data collected from
this campaign validated the numerical model of the three designs [68,87,88]. In DeepCwind
tests, an FSR was used, and the wind speed was amplified to reproduce the rotor’s thrust
force accurately. For instance, a 21.8 m/s blowing wind was utilized to replicate the rated
wind speed scenario of 11.4 m/s.

A significant shortcoming of increasing the wind speed is the generation of unwanted
loads on the tower and the platform. Moreover, to prevent interaction with the waves,
the fans were placed high enough with the nozzle tilted 2.16 degrees downward. The
inclination of the nozzle introduced a vertical component of the wind velocity, resulting
in a 20% reduction in the wind speed at the lower ends of the rotor. Furthermore, the
generator torque was not accurately replicated, and the motors induced the blades’ rotation.
The blade pitch angle remained constant throughout all the tests as no control system was
used. The lack of a controller and the need for higher wind speed made above-rated wind
conditions infeasible for testing.
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The results from these campaigns conclude the need for adjustments and modifications
in future studies to replicate the aerodynamic loads accurately. It was suggested to use a
performance-scaled rotor (PSR), where the blades are redesigned for a similar performance
at low Re [42]. In addition to PSRs, attempts were made to tackle the limitations of this
approach. In studies by Li et al. [89] and Duan et al. [47], a modified version of FSR was
employed. The DeepCwind semi-submersible [88] and the Hywind spar [47] were the
tested platforms, and the adjustment made was to let the rotor freely spin instead of using a
motor to initiate the rotation. The motor was devoted as a generator to decelerate the rotor
speed, and the tip speed ratio (TSR) was correctly kept to some extent. The improvement
resulted a marginally increased wind speed compared to the initial version, such as using
12.8 m/s wind speed instead of 21.8 m/s for the rated scenario (i.e., 11.4 m/s).

5.2. Performance-Scaled Rotor

Following the conclusions of the DeepCwind campaign in 2013 [42], efforts were made
to construct performance-scaled rotors (PSRs) [50,83], where the blades are redesigned
for a low Re environment (Figure 5). Accordingly, the DeepCwind semi-submersible was
retested with a PSR at MARIN [90,91]. The new testing campaign validated the results
obtained in the first campaign, where the global performance was roughly identical. On
the other hand, the new concept allowed the performance of new tests that were not
feasible by the FSR. For instance, the above-rated wind speed tests were made, and the
potential implementation of an active blade pitch controller was considered to investigate
the controller’s impact on the global performance of the floating turbine.

A MARIN PSR was used again to test the GustoMSC Tri-Floater, and the measured
thrust matched the full-scale turbine predictions. The Windstar TLP [92] mounting the
NREL 5 MW was tested using a PSR at the SKLOE laboratory (i.e., Shanghai Jiao Tong
University) and demonstrated the effectiveness of this approach in resolving the scaling
problem. PSR is utilized to test larger turbines such as the DTU 10 MW WT [93]. Among
the tests found in the literature are the triple Spar model [94] and the sea-star TLP [95]
at DHI Denmark. Using a PSR, an upscale of the DeepCwind semi-submersible with the
DTU 10 MW underwent testing in the INNWIND.EU project at LHEEA—Ecole Centrale
de Nantes (ECN) [16,96]. The University of Ulsan (UOU) 10 MW design [97], the KIER
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TLP [98], and the EOLINK TLP [99] exemplify the wide use of the PSR method. Technical
details and information on how the blades are designed and fabricated are out of the scope
of this paper and can be found in references [28,51,100].
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The PSR approach brought several advantages, improving the fidelity of the ex-
periments. A correct thrust force coefficient in a Froude-scaled environment could be
maintained, as well as the TSR. In addition, the ability to implement and test wind turbine
controllers is possible. The rotor torque, the aerodynamic damping, and gyroscopic mo-
ments can be replicated, along with other unexpected aerodynamic and hydrodynamic
phenomena uncaptured by some numerical tools.

However, emulating physical wind over a wave tank requires a wind generation
system, making PSR costly to adopt and operate [101]. Calibration of the wind speeds,
wind gradient and turbulence increase the complexity of the experimental setup. The
accuracy of the wind generation systems over the basin is much less than in wind tunnels.
For instance, in most campaigns (e.g., [42,96]), multiple fans pumping the air through
ducts and honeycomb mesh were used. The difficulty of controlling the boundaries of
airflow after exiting the nozzles was noticed in most campaigns [46,98]. Thus, the ability to
replicate the same test decreases, adding more uncertainty to the measurements. Moreover,
the low Reynolds number at the model scale leads to inaccurate modelling of the WT’s
power and torque coefficients. The methodology has shown a good representation of the
real scheme of a wind turbine. However, less versatility is present as each turbine has a
specific blade geometry, and a redesigned blade for each turbine design and scaling factor
is needed.

6. Hybrid Testing

Hybrid testing emerges as a sophisticated technique that synergistically combines
physical testing and numerical simulation, fostering a holistic approach to experimentation.
The inception of this approach originates back to the 1970 s in the field of earthquake
engineering [102]. In that context, the technique was pioneered to investigate the dynamic
response of structures subjected to earthquake conditions. The procedure involved compu-
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tationally determining the structure’s displacements and subsequently applying them in
real-time to the physical model using multiple actuators.

FWTs tests borrowed the approach, drawing inspiration from the aforementioned
concept. Similarly, the system’s motions can be reproduced using a robot in a physical
wind environment [64], or the aerodynamic loads can be emulated under physical wave
conditions using actuators such as cables, propellers, or ducted fans [62,103]. The simplest
version involves emulating a pre-recorded time series of motions or aerodynamic loads
through the actuation system. However, synchronising the wave elevation with the emu-
lated aerodynamic loads (or the blowing wind with the robot motions) poses a challenge.
Furthermore, the real-time replication of blade pitch controller effects remains elusive.
Additionally, the fidelity of these tests is constrained as the simulation fails to account for
the platform’s actual (i.e., the measured) motion in the underlying calculations.

A higher fidelity hybrid technique with increased complexity is developed to address
these limitations. This approach entails the real-time integration of physical testing and
numerical simulation. In the cases where an actuator replaces the rotor, the platform’s
motions are tracked and subsequently fed into a numerical tool. The simulation provides
the aerodynamic loads considering the platform motions at each corresponding time step,
which are then appropriately scaled and replicated by the actuator [54].

In a study conducted by Stewart and Muskulus [104], a comparison is made between
utilizing pre-calculated time series of aerodynamic loads and real-time testing. The findings
indicate that employing predefined loads results in significantly larger discrepancies in
both loads and motions when comparing the simulation to the experimental data. This
discrepancy arises from the absence of a feedback loop between the system’s motions and
the predefined aerodynamic loads. However, implementing real-time testing introduces
challenges associated with compensating for delays [103].

This methodology is referred to by various names, such as “Software in the Loop”
(SIL), “Hardware in the Loop” (HIL), and “Real-Time Hybrid Model” (ReaTHM) testing.
All of these terms encompass tests that combine physical testing and numerical simulation.
In general, this integration offers substantial benefits for testing complex structures like
FWT. However, it necessitates meticulous compensation for delays to enable swift actuator
execution within small time steps. Note that a similar approach is adopted in ocean
engineering to test mooring line dynamics. The motions of a floating platform under wave
excitation are measured experimentally and used in numerical simulations of the full-scale
mooring lines [105–109]. The following section provides a comprehensive overview of
the hybrid testing campaigns conducted on FWT and highlights the distinct advantages
offered by each actuation system employed in these tests.

6.1. Propeller Actuators

When considering the selection of actuators for hybrid testing, researchers have
utilized various options such as propellers, ducted fans, and cables. Among these choices,
propellers and ducted fans have emerged as more commonly employed. Azcona et al. [54]
utilized a ducted fan positioned at the hub height to replicate the rotor’s thrust (Figure 6).
The thrust force was calculated in real-time by the numerical tool FAST [110], which
received the platform motions obtained from the basin measurement. The strategy was
applied to test a 1:40 scale model of the OO-Star semi-submersible [15] equipped with
a 6 MW wind turbine at the ECN wave basin. The successful implementation of this
campaign demonstrates the SIL’s capability to incorporate aerodynamic damping. The
same principle was applied at the ECN basin to test the DeepCwind semi-submersible with
the NREL 5 MW WT [61,111] and the DTU 10 MW WT [96]. Notably, an improvement was
made by incorporating second-order hydrodynamics into the numerical model, enhancing
the fidelity of the simulated load and the tests.
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In addition to these SIL systems, numerous researchers have widely adopted the hybrid
approach using ducted fans or propellers. Desmond et al. [112] employed a simplified version
of the hybrid technique to evaluate the SCDnezzy2 semi-submersible, which supports two
7.5 MW WT. In that campaign, two ducted fans substituted the two rotors and generated
steady wind loads of up to 10 N thrust on each tower. Similarly, Wright et al. [113] utilized
a single ducted fan generating steady thrust to test a hexagonal TLP design in two scales.
Andersen [114] employed a ducted fan to emulate a recorded time series of thrust to test a
three-column semi-submersible.

However, emulating recorded loads is low fidelity compared to SIL since they do not
replicate the blade pitch controller effects in real-time, and the instantaneous motions are not
considered in the simulation of aerodynamic loads. A comparison between hybrid testing
with and without SIL (i.e., real-time exchange between the simulation and the physical
testing) was conducted by Matoug et al. [115]. The NAUTILUS semi-submersible [14]
with the DTU 10 MW [93] and the WindQuest 10 MW [116] were tested, revealing a 14%
improvement in cross-correlation between numerical simulation and experimental testing
when SIL is employed.

Building upon these findings, implementing single propeller actuators with SIL has
been extensively utilized in various campaigns. For instance, the Iberdrola TLP [117] was
tested at the Kelvin Hydrodynamics Laboratory (KHL) at the University of Strathclyde [118]
using a single ducted fan and following the same SIL concept described by Azcona et al. [54].
The approach was also applied to test the SOFTWIND Spar [53,76,119] at ECN. However, it
should be noted that the single fan actuator aims to reproduce the thrust force exclusively,
and the other aerodynamic loads and gyroscopic moments are not emulated with a single
actuator. Therefore, efforts have been made to develop multi-actuator systems capable of
reproducing the full aerodynamic tensor.

As the first version only emulated the thrust force, Azcona et al. developed a new
multi-propeller system capable of reproducing the rotor moments [120]. This concept
improves the SIL system by incorporating the moments generated by the aerodynamic and
gyroscopic effects. Within the ARCWIND project, the multi-propellers system is utilized to
test the CENTEC-TLP [5,17,62,121] and the SATH10 semi-submersible [122]. At the Instituto
Hidraulica Cantabria (IHC), an actuator consisting of six drone propellers is developed
by Urbán and Guanche [60] and utilized to test the TELWIND FWT [123]. The propellers
are calibrated and tuned to account for the aerodynamic influence resulting from their
proximity. The results demonstrate small deviations compared to the theoretical values of
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the loads. Another six-propeller actuator was developed by Otter et al. [59,124] at MaREI,
Ireland, and exhibited good performance in emulating both thrust and torque. Additionally,
a multi-propeller system was employed by Kanner et al. [125] to test a vertical-axis WT,
expanding the application beyond horizontal-axis WTs.

6.2. Cable Winch Actuators

In addition to propellers and ducted fans, cable winches have been explored as
actuators in hybrid testing. Early testing campaigns employed cables to replicate static
thrust based on the turbine-specific thrust curves [38] (Section 4.1). However, to overcome
the limitations of the static cable approach, researchers sought to improve the method
by applying tensions instantaneously to the model based on real-time simulations. The
underlying concept of using cable winches as actuators in hybrid testing is similar to the
SIL system with propeller actuators.

One of the pioneering systems employing cable winches as actuators is developed
at SINTEF in Norway. Their technique, known as ReaTHM testing, utilized six cables
attached to a square frame at the hub height (Figure 7). Researchers at SINTEF employed
this system to conduct experiments on the NOWITECH model, which featured the NREL
5 MW turbine [55–57]. To optimize the cable-based method, a sensitivity analysis was
performed by Bachynski et al. [70], resulting in the emulation of a reduced number of
aerodynamic loads based on the analysis outcomes. Further enhancements were introduced
by Thys et al. [126] to encompass wind direction variability and tower loads, extending the
frequency bandwidth to include the 3P frequency and the first tower bending frequency.
The updated system was employed to test the NAUTILUS semi-submersible with the
DTU 10 MW WT, with a comparative analysis against the previous system presented by
Chabaud et al. [58]. The results indicate that the new system provides greater flexibility in
replicating loads despite requiring higher cable tensions.
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Another study by Antonutti et al. [127] utilized a similar hybrid system with cables
to test a semi-submersible mounting of the Haliade 6 MW WT. Their system consists of
five cables enabling actuation of the surge, pitch, and yaw degrees of freedom. The results
demonstrate good agreement between the experimental and numerical models. Moreover,
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a hybrid system employing cable actuators was used by Hall et al. at the University of
Maine, USA, to test a 1:50 scale model of the DeepCwind semi-submersible [67,128]. Unlike
other cable-based systems, their approach replicates only the thrust force. Two opposing
cables attached to the turbine at the hub height are used as the actuator. The results obtained
from this hybrid testing are compared to those of complete physical testing with a PSR [50]
and reveal a satisfactory agreement, particularly regarding motions and mooring tensions.
It also demonstrates the capability to reproduce the effects of aerodynamic damping.

6.3. Wind Tunnel Tests

In the wave basin experiments, the primary objective is to scrutinize the hydrodynamic
response of the platform combined with the emulation of the aerodynamic loads using
actuators, thus bypassing the need for a scaled rotor subjected to wind flow. Conversely,
wind tunnel testing aims to comprehensively examine the aerodynamic loads, wakes, and
turbines’ interactions. Within the context of hybrid testing, the motions of the FWT model
are simulated using a numerical tool, enabling the replication of the FWT motions through
actuators, while a physical rotor is subjected to airflow in the wind tunnel.

Pioneered by researchers from Politecnico de Milano in Italy, a robot of two degrees
of freedom (DoF) was developed by Bayati et al. [63] to mimic surge and pitch motions
effectively in real-time. The actuator’s technical details are documented in [129,130]. The
initial application of this robot involved exclusively imposing surge motions upon a scaled
1:75 model of the DTU 10 MW turbine during wind tunnel tests, facilitating a comprehen-
sive exploration of wakes in both steady and unsteady wind conditions [131]. Subsequent
enhancements to the robot resulted in the realization of additional degrees of freedom,
thus evolving into a six-DoF mechanism (Figure 8) with the name “HexaFloat” [64]. This
upgraded robot is then deployed in wind tunnel testing of the DTU 10 MW turbine to
represent a floating support platform, as reported in the works of Bayati et al. [132] and
Belloli et al. [133]. The presented robot has been utilized for various purposes within the
field of wind energy research. Fontanella et al. [134] employed it to investigate the unsteady
aerodynamics of the DTU 10 MW WT under imposed surge motions. Additionally, it is
utilized in the COREWIND project to examine the aerodynamics of two 15 MW FWTs [135].
Furthermore, the same robot is used in phase III of the OC6 project to collect data for
validating the aerodynamic loading on the rotor in motion caused by a floating support
structure [136].
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In parallel work, Schliffke et al. [137] embarked upon a similar approach to scrutinize
the repercussions of surge motions on wake characteristics. Their experimental campaign
involved the utilization of the FLOATGEN barge, integrated with a 2 MW wind turbine,
as the focal test model. Instead of deploying a scaled rotor, their concept entailed a
porous disc. The imposition of surge displacements is achieved through a motor controlled
by the manufacturer’s software. Although a modest time delay between the assigned
and emulated motion was noted, its effects were deemed negligible, primarily due to its
independence from the imposed frequency and amplitude. Notably, their study focused
predominantly on the ramifications of surge motion on wake characteristics without delving
extensively into motion dynamics. Furthermore, Rockel et al. [138,139] conducted a series
of hybrid tests in wind tunnels to ascertain the impact of pitch motions on FWT wakes and
the intricate interplay between wakes and the FWT.

7. Methods Comparison and Applicability
7.1. Hybrid vs. Physical Rotor Testing

Hybrid testing conducted in wave basins offers the advantage of not requiring a
physical wind generating system; alongside the measured motions, a wind input file is
incorporated into the numerical simulation to introduce the wind turbulence during the
tests. Additionally, it is possible to emulate the effects of the blade pitch controller and
aerodynamic damping as they are included in the simulation results. For PSR, incorporating
low-Reynolds modifications poses challenges in accurately modelling the turbine’s power
coefficient and torque characteristics. This limitation hinders the scalability of blade pitch
control and impedes the precise capture of aerodynamic damping effects [101].

Unlike the limitation of physical rotors, the hybrid approach in the wave basin is not
restricted to a specific turbine or scale. Utilizing actuators makes it feasible to replicate the
aerodynamic loads of any turbine, making the hybrid technique more cost-effective and
time-efficient compared to physical rotor testing. The latter necessitates the construction of
a scaled rotor for each turbine design, along with the associated scaling coefficient. Hybrid
testing campaigns have demonstrated favourable outcomes by emulating the thrust force
accurately and replicating torques and gyroscopic moments. Moreover, hybrid testing
grants complete control over the aerodynamics (or hydrodynamics) to better focus on
one aspect (i.e., aero or hydro) of the study. Meanwhile, the PSR method showcased
superior proficiency in catching unexpected, coupled effects. However, PSR may replicate
global aerodynamic phenomena with inferior accuracy compared to the numerical models
employed in hybrid testing. This discrepancy arises from partially including scaling effects,
such as incorrect torque coefficient and absence of blade pitch control.

In addition, there are challenges associated with hybrid testing, primarily related to
delays that can impact the fidelity of the tests. The employed actuators must possess suffi-
cient bandwidth to emulate the assigned load or motions accurately within an appropriate
time step [101]. The simulation tool implemented in hybrid testing must provide the calcu-
lated load within short time steps, justifying the use of BEM-based tools (i.e., OpenFast)
rather than CFD. Moreover, the accuracy of the tests depends on several factors, including
the precision of motion tracking measurements and the simulation tool employed. It is
acknowledged that certain aerodynamic phenomena (in the case of hybrid testing in wave
basins) and hydrodynamic responses (in the case of hybrid testing in wind tunnels) that are
not accounted for in the numerical model will not be fully replicated in the experiments.
Nevertheless, the existing numerical models may already include most known phenomena.
So, the omission of phenomena poses a concern only when exhibiting significant coupling
effects, which may happen but is unlikely to be known beforehand.

Furthermore, the calibration of the actuation system is challenging, especially for the
one employing multiple emulators. While using multiple actuators allows the reproduction
of a broader range of loads (in basin tests) or the mimicry of displacements with multiple
degrees of freedom (in tunnel tests), it also introduces complexities and additional sources
of uncertainty within the measurements [140]. In other words, more attention is required for
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the calibration process of the different actuators as well as the mass and inertia quantities,
to effectively mitigate and minimize the error levels in both prototype modelling and
load replication.

7.2. Actuators’ Suitability in Hybrid Testing

It has been demonstrated that both propellers and cable actuators can effectively
emulate the thrust force in hybrid testing. However, propeller systems encounter challenges
in replicating the aerodynamic moments, as noted by Otter et al. [59], and incorporating the
propellers’ torques into force allocation is a complex task [140]. On the other hand, cable
actuators excel in reproducing the moments, although the control of cables is comparatively
more intricate than that of propellers. Additionally, the cable’s frame requires a larger
space on the top of the tower, unlike propellers, which occupy a smaller footprint. It is
worth noting that the pretension of the cables may affect the results of free decay tests if
not performed perfectly, as observed by Sauder et al. [55], whereas conducting free decay
tests with turned-off propeller actuators is simpler.

In addition, the square frame required for cable actuators occupies a large area on the
tower top. In contrast, propellers are lightweight and occupy a smaller footprint. Con-
sequently, calibrating the tower top masses poses a greater challenge for cable systems.
Furthermore, propellers are easily transferable between different basins. In contrast, ca-
bles require specialized infrastructure, limiting them to the facility for which they were
initially designed.

Due to the high rotational speed of the propellers, undesirable vibrations are induced,
whereas cables may excite the attaching frame’s natural period. Careful attention must be
given to the temperature of the active emulator to prevent burning the propeller’s electrical
motor or demagnetizing it. When dealing with multi-actuator systems, the interaction
between propellers must be considered during the tuning process. The wakes of adjacent
propellers can modify the air inflow of others, leading to performance changes of up to 10%,
as noted by Urbán and Guanche [60] when tested on a fixed support.

Although, propellers and winches are distinct in how they handle load monitoring.
Measuring the load generated by propellers is commonly performed via a load cell attached
to the tower top. Inertial loads, which are proportional to acceleration, make real-time
controlling of the propeller’s thrust difficult. Consequently, propellers are often controlled
in an open-loop manner, relying solely on fixed-support thrust calibration and empirical
correction factors to address uncertainties such as propeller interactions. On the other hand,
cable loads can be readily measured using a load cell for each cable, given their negligible
mass. This measurement allows for closed-loop control with feedback algorithms that
can promptly correct for uncertainties in real-time. Additionally, winch systems typically
possess a higher bandwidth, resulting in shorter time delays, a critical factor for ensuring
the accuracy of hybrid testing. Hence, winch systems are generally considered to be more
accurate than propellers.

The choice between hybrid testing in wind tunnels or wave basins depends on the
specifications of the phenomena under investigation. Hybrid testing in wind tunnels is
suitable when studying wakes and turbine interactions, while hybrid testing in wave basins
with propellers or cables is preferable when focusing on hydrodynamics. If the thrust
loading is considered the dominant load for the tests, a single propeller (or a ducted fan) is
recommended. On the other hand, a winch system is more appropriate when replicating
the aerodynamic and gyroscopic moments. The high bandwidth of cable actuators makes
them the preferred option for replicating 3p, tower and vertical loads.

7.3. Method Selection Roadmap

Evaluating and comparing the different methods based on various criteria can provide
valuable insights into their performance and suitability for specific applications. Table 3
recaps this assessment based on the cost, accuracy, and other relevant factors. The PSR
method exhibits superior performance in emulating the turbine’s unexpected, coupled
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effects and surpasses the limitations of the porous disc and FSR methods, which are
restricted to scenarios below rated wind speed. However, the PSR method may replicate
global aerodynamics less accurately than numerical models used in hybrid testing due to
scaling effects, including incorrect torque coefficients and the absence of blade pitch control.
Therefore, hybrid testing stands as the sole approach that allows testing and evaluating
control strategies.

Table 3. Overview of the experimental methodologies used for FWTs.

Criteri
Method Porous Disc FSR PSR Hybrid

Aerodynamic loads Limited Limited Effective Effective
Blade pitch controller Infeasible Infeasible Limited Highly apt

Development cost Medium High High High
Operation cost Medium High High Low

Versatility Flexible Restrictive Restrictive Flexible
Scalability Moderate Limited Limited High

Furthermore, the hybrid approach demonstrates enhanced flexibility and cost-efficiency
compared to other techniques. Unlike the PSR and FSR methods, which necessitate the
construction of new scaled rotors for each turbine design and scaling factor, the actuators
utilized in the hybrid approach can represent different turbine designs. These advantages
allow for greater versatility and eliminate the need for costly scaled rotor modifications
with each variation in design or scaling. Still, the material used for the hybrid framework
may be expensive.

Overall, both the PSR and hybrid techniques serve as effective representations of
turbine aerodynamics. The PSR method exhibits higher accuracy in emulating unpredicted
aerodynamic characteristics, albeit at a higher operation cost. On the other hand, the hybrid
technique offers a cost-effective alternative while still providing a reliable representation
of turbine aerodynamics and coupled phenomena. The selection of the testing approach
typically hinges on the specific objectives of the tests, as well as a careful balance between
budget constraints and fidelity requirements. The choice will depend on a trade-off between
financial considerations, the available equipment, and mainly the desired level of accuracy
and detail in the results, as summarized in Figure 9 showing an agreement with the
conclusion of Otter et al. [101].

In the presence of a wind-generating system in an ocean basin, the PSR method
can allow for the investigation of unpredicted coupled effects. Otherwise, hybrid testing
allows physical testing on the studied phenomenon, including known coupled effects.
Hybrid testing in wind tunnels allows for the investigation of the turbines’ interactions
and wake effects. When studying the hydrodynamic response of FWTs coupled with the
aerodynamics, propeller actuators present an option if the thrust force is the dominant
aerodynamic effect in the test case. Propellers can be easily moved between different basins,
allowing their use in facilities beyond their original development. On the other hand,
when the aerodynamic moments are important and a higher bandwidth is sought, dynamic
winches are more suitable actuators.

The classification and recommendations represent the current status of FWT testing
campaigns. This review indicates a dominance for hybrid testing in the future with tech-
nological advancement and improvements in simulation tools. As larger turbines are
targeted (i.e., 20 MW turbines and more), small scaling factors will be needed to construct
physical rotors, leading to difficulties in building, calibrating, and fitting the system in
the testing facility. Hybrid testing overcomes future scaling barriers from larger turbine
sizes by representing the rotor with actuators. The improvements in simulation tools will
result in an enhanced fidelity of the emulated loads, thus the capability of hybrid testing to
replicate coupling effects.
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8. Conclusions

This paper presents a comprehensive review of the experimental methodologies
employed in studying FWTs. It begins by summarising the Froude and Reynolds similitude
principles and the importance of various aerodynamic phenomena to underscore the
associated experimental challenges. Subsequently, the methods are presented, spanning
from early-stage techniques like the porous disc method to more contemporary approaches
(i.e., the performance scaled rotor (PSR) method and the hybrid approach). Each method
is described, providing insights into its specific characteristics, and is evaluated based on
criteria such as accuracy, cost, and versatility.

The main emphasis of this review revolves around the assessment of the PSR method
and the hybrid approach. The PSR method entails using a redesigned rotor that maintains
identical performance characteristics in a lower Reynolds environment. This approach
replicates the aerodynamic behaviour of the turbine, including unpredicted coupling ef-
fects. However, the introduction of low-Reynolds modifications presents challenges when
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attempting to model the power coefficient and torque characteristics of the turbine. Conse-
quently, the scalability of blade pitch control becomes constrained in the PSR approach.

The hybrid approach combines physical experimentation and numerical simulation
conducted in wave basins or wind tunnels, with actuators serving as the link between the
two in real-time. The hybrid approach proves advantages by simplifying experimental tests
in wave basins where a wind generation system is unavailable. Previous hybrid testing
campaigns are assessed, specifically focusing on commonly utilized actuators such as cable
winches and propellers. The actuation systems are evaluated, emphasizing the simplicity of
propellers’ calibration compared to cable systems, as well as the cable actuators’ capability
to reproduce the moments accurately at higher bandwidth. The selection of actuators is
discussed, marking its dependence on the investigated phenomena and the targeted fidelity.

It is determined that hybrid testing is versatile, allowing for the evaluation of multiple
turbine configurations at different scales. In addition, it provides a reliable representation
of turbine aerodynamics and coupled phenomena. On the other hand, the PSR method is
recognized for including unpredicted coupling effects while exhibiting lower versatility
due to the requirement for costly modifications of scaled rotors with each design variation
or scaling.

Based on the presented discussion, a roadmap is outlined for selecting the appropriate
methodology, considering the investigated phenomena, level of accuracy, available equip-
ment, and budget constraints. PSR is recommended when a wind-generating system over
a wave basin is available, and including unpredicted coupling effects is of concern. Hybrid
testing is advised when physically testing the model, including known coupling effects,
while giving control on one aspect of the study (aero or hydro). For larger turbines, the
hybrid approach is a more promising option in the foreseeable future.
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