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The simulation of wind loading for tank testing of floating wind turbines presents a variety of severe
challenges. The floating platform naturally responds to wave loadings which are Froude-scaled, whilst
the turbine forces respond to aerodynamic loads which are Reynolds-scaled. It is possible to account
for Reynolds effects by appropriate distortion of the rotor geometry, nonetheless, construction and
operation of a working scale rotor is extremely challenging due to the large size, very light weight, and
complex control requirements, while relatively few wave tanks have the ability to generate suitable
wind fields.

The current study reviews the approaches used to simulate wind loading on floating wind turbines in
wave tanks and describes the deployment of an “software in the loop” (SIL) approach in which the
thrust component of the wind load is generated using a high-speed fan located on the model in line with
the rotor drivetrain. The six-degree-of-freedom platform motion is measured during the tests, and the
aerodynamic thrust related to the instantaneous position and velocity of the platform is calculated in
real time using a modified version of the well-known FAST aero-hydro-servo-elastic software code. This
calculated thrust is then used to control the fan speed to generate the physical thrust in the model test.

Using this approach it is possible to explore the impact of different wind environment, rotor
configurations, and control strategies without the need for a complex model of the rotor, and without
generation of wind over the tank. In the present study, the approach is deployed for an innovative
shallow water tension-leg platform (TLP) developed by Iberdrola.

The impact of the SIL approach is compared for a variety of wind directions with results generated in
two baseline conditions: the conventional case with no wind loading and a simplified case with a
constant wind loading. Results are shown for the impact of the wind loading on the platform motions
for free oscillation tests, and regular wave RAOs. The challenges of the approach along with the
advantages and disadvantages in comparison to other methods for wind load simulation on floating
wind turbines are discussed, and the scope for further improvements in the realism of wind load
simulation in physical model tests of floating wind turbines is explored.



1. Introduction: Simulation of Wind Loads on Model Floating Wind Turbines

For floating offshore wind turbines (FOWTSs) there is generally significant coupling between the forces
generated by the rotor and the response of the system as a whole. This coupling will affect many aspects
of the platform dynamics; in particular the turbine aerodynamics will contribute to the motion damping
of the system in modes which affect the instantaneous inflow to the turbine. This can affect key
parameters such as the accelerations at the nacelle. The mean aerodynamic thrust loads will generate a
mean mooring offset which will affect the peak and long-term mooring loads and may in some cases
have a significant impact on some modes of motion while the mean torque on the rotor will generate
heeling moments on the floater. In addition to the aerodynamic loads, the turbine generates gyroscopic
moments on the floater, which may excite unwanted motions — for example a turbine pitching in co-
linear wind and waves will generate yawing moments. There may also be some coupling between the
blade pitch control system and the platform motions which may result in instabilities of the system.

Model tests without simulation of the rotor forces can be carried out at preliminary stages of the tests or
for special purposes, such as comparison of different support structures in terms of their responses to
waves, or for the validation of numerical models. This decoupling may also be appropriate where tests
aim to examine dynamic responses of the tower and support structure in extreme weather when the
turbine will typically be shut down. Hence in these cases, hydrodynamic tests can be carried out without
the rotor as long as the rotor mass is represented correctly (e.g. de Ridder et al. (1)). Even then, the
wind drag on the tower and parked rotor is neglected.

However tests aiming at evaluating the global response of the system from the concept validation stage
to the prototype and demonstration stage should include modelling of the rotor-generated forces due to
the coupling present between the platform dynamics and the rotor-generated forces and moments.

2. Approaches for Coupled Aero-Hydrodynamic Tests

2.1 Simplified Simulation without Wind Generation.

A number of methods may be employed to simulate the presence of the rotor without representing the
rotor aerodynamics directly, although none capture all of the physics of the fully-coupled system. A
lightweight line may be attached at the rotor hub and tensioned using a weight to simulate the steady
aerodynamic thrust. However the mass properties of the system will inevitably be incorrect, and this
approach neglects the aerodynamic damping imparted by the rotor on the system as well as the
gyroscopic effects and the steady torque. This approach can only be justified for rough preliminary
estimation of the maximum mooring offset (e.g. Chujo, et al. (2)).

A further possibility is to represent the mean rotor thrust using a fan rotating at constant speed in
otherwise stationary air generating a predefined thrust when stationary (e.g. Kraskowski (3)). This
offers a simplified approach to the investigation of floating wind turbine response in facilities which do
not have wind generation capabilities. In this case, separate measurements are required to calibrate the
system to identify the force vs. rpm characteristics. This method of modelling the rotor is relatively
simple and allows for easy adjustment of the mean wind load, and correct simulation of mean mooring
offsets. However, the effects of dynamic inflow and the torque due to the rotor will not be modelled



correctly, while orientation of gyroscopic moments in relation to steady moments, and the behaviour of
the magnitude and direction of the thrust vector as the turbine pitches present some further challenges.

2.2 Simplified Simulation with Wind Generation.

If a simulated wind field can be created in a tank, it is possible that a solid or porous disc may be used
in place of the rotor. The disc should be sized to generate a drag load in the simulated wind field
corresponding to the predicted mean thrust on the turbine. Some challenges may result from the
unsteadiness of the flow around the disc when pitching in waves. Gyroscopic effects may be modelled
by employing a Froude-scaled rotating disc or a separate rotating arm deployed downwind of the disc
(see Cermelli et al. (4)). This approach neglects the aerodynamic torque exerted by the rotor on the
platform as well as blade / tower interactions.

2.3 Rotor simulation in fully-coupled tests.

Direct modelling of a floating wind turbine is often achieved using a working rotor in a wind field
generated by a series of fans. The size of modern wind turbines designed for offshore deployment
results in scale ratios typically in the region of 1/50 — 1/100. Examples are given in Chujo et al. (2) for
a spar OWT, Shin et al. (5) for a semi-submersible OWT and Goupee et al. (6), for spar, semi-
submersible and TLP. Particular challenges in this approach with respect to the wind generation include
the generation of a large-volume wind field in a wave tank close to a wavy water surface, particularly in
tests with large waves, and especially where tests are intended to include the representation of wind
gradients and the wind turbulence. At 1/50 scale, a wind field of the order of 4m in diameter must be
generated. The design of a wind system for use over a wave tank is discussed by De Ridder et al. (7).

The construction of the model floater and turbine also presents substantial challenges. Correct
modelling of the gyroscopic moments introduced by the rotor requires Froude scaling of the mass
properties and rotor speed. However modelling the mass properties of the rotor at small scale requires
very lightweight materials of high strength. For example, a 1/50 scale model of the NREL 5MW turbine
blade is 1.23m long, but has a mass of only 140g, whilst reduction to 1/80 scale leads to blades of
0.77m length and mass of 35g. It can be difficult to achieve the necessary combination of accurate
geometry and very low mass using conventional model-making techniques. Even when the mass
requirements are met, further challenges relate to the impact of the blade elasticity in unsteady motions
and flow.

The minimum requirement for modelling the presence of rotor in a fully-coupled FOWT test is the
correct reproduction of the mean wind thrust load, which drives pitch moments and surge forces and
thus mooring offsets and motion damping. If simulation of gyroscopic effects is desired, Froude
similarity for the rotor must be maintained via rotor RPM and mass properties. However, application of
Froude similarity to the steady wind speed results in substantially incorrect modelling of the rotor
aerodynamics. The low Reynolds number conditions can cause substantially dissimilar flows with the
relatively thick sections often employed in offshore wind turbines leading to reduced lift, increased
drag, and unrealistically low thrust and torque coefficients compared to the full-scale foils. The small
model size also results in increasing influence of imperfections in geometric representation on the flow
(Muthanna et al., (8)).

Martin et al. (9) discuss three possible approaches to address this challenge for the case in which when
a working rotor is utilized. The correct mean thrust may be obtained by increasing wind speed beyond



the Froude-scaled value to compensate for the low thrust coefficient. The ratio of unsteady velocity
(caused by Froude-scaled platform motions) to mean velocity will then be reduced leading to incorrect
modelling of unsteady effects, while if rotor speed is maintained at Froude-scaled values, to retain
correct gyroscopic moments, then tip-speed ratio will be incorrect, resulting in incorrect torque.
Nonetheless, results show that the aerodynamic damping of the platform pitch generated by the turbine
is modelled with a reasonable degree of accuracy.

Turbulence stimulators may be placed on the blade leading edge; however this may not on its own
improve the turbine performance adequately, and can yield unrealistic results in laminar separation or
during flow re-attachment. Finally the rotor may be redesigned, by modifying blade sections to account
for Reynolds number effects, or by utilizing unconventional solutions such as changing the number of
blades and the rotor diameter. This can involve choice of laminar flow sections for the model scale
rotor so that the model rotor design can simulate as closely as possible the correct full-scale mean thrust
and torque coefficients at the model-scale Reynolds Number (based on blade chord), whilst still
maintaining the correct mass properties. Examples of this technique are given by De Ridder et al. (7),
and Martin et al. (10).

Contribution of the wind load to global response of the FOWT is also strongly affected by the pitch
control strategy of the turbine. Some examples of successful model tests of FOWTs in wind and waves
including direct modelling of the blade pitch control system were reported by Chujo et al. (2) and De
Ridder et al. (7). However this remains challenging and expensive.

3. Software-In-The-Loop Simulations of Floating Offshore Wind Turbines

A further possibility is to utilize the idea of “software-in-the-loop” in which an active control system
drives an actuator in real time to generate some of the system behavior in a model test. This type of
approach requires that the actuated forces acting on the model can be predicted in real time with an
acceptable degree of accuracy, and is typically deployed when the forces cannot be generated with
sufficient realism by a scale model operating in the same physical manner as the full-scale prototype via
aerodynamics, hydrodynamics, structural response, control systems or a combination of these.

Several factors may limit the actuating the forces through direct physical simulation. These may be the
lack of ability to simulate part of the physical environment (e.g. lack of wind generation in a test tank),
issues of the size of the facility (e.g. simulation of spread moorings), or issues of the similarity between
model and full-scale prototype as discussed above.

Software in the loop (SIL) has been used in wind tunnel testing to model behavior of a floating wind
turbine by mounting a Reynolds-scaled working turbine model on a hexapod (Bayati et. al. (11)) and
utilizing the hexapod to simulate the impact of the platform motions on the turbine performance. In
ship model testing Tsukada et al. (12) used a ducted fan as an auxiliary thruster mounted on a free-
running ship model in order to correct for Reynolds scaling effects on the ship resistance in
maneuvering tests. In a precursor to the work presented here, Azcona et al., (2014) implemented and
performed a first validation of the SIL approach coupling in real time the rotor simulation that controls
the fan with the measured motions of a 6MW semisubmersible scaled floating wind turbine. Zamora-



Rodriguez et al., (13) also generated the unsteady aerodynamic thrust force in a hydrodynamic test of a
floating wind turbine using a speed-controlled fan.

In the present study the software in the loop approach was used to control a ducted fan to simulate the
aerodynamic thrust load on a TLP floating wind turbine in the Kelvin Hydrodynamics Laboratory at the
University of Strathclyde. The tank is 76m long, 4.6m wide and can generate waves of over 600mm in
height at water depths ranging from 1.6m-2.3m using four wave-absorbing paddles. The tank is fitted
with a sloping beach of total length 12m which has a reflection coefficient of less than 5% over the
range of frequencies from 0.3Hz to 1.2Hz.

The adoption of this SIL approach to testing offers several key benefits:

¢ the tests could take place without the need for deployment of a wind generation system

¢ there is no requirement to construct a scale-model (or distorted-scale-model) rotor and drive.

o the scale of the tests is dictated only by the hydrodynamics of the floater, which in this case allows a
test at relatively large scale.

e the test procedure can replicate the forces generated by turbulent or steady wind in a variety of
directions relative to the wave heading.

¢ the impact of the turbine control system and blade elasticity may be modelled in the tests

e correct simulation of the aerodynamic drag load on the tower and parked turbine in extreme
conditions is possible

e Some special cases, such as emergency stop tests can be simulated with correct full-scale behaviour.

The SIL system deployed in these tests only attempts to simulate the aerodynamic thrust forces.
Gyroscopic moments and aerodynamic torque are neglected. In principle the direction of the thrust
vector is arguably incorrect when the platform pitches; however for a TLP, the pitch is extremely small,
so it is reasonable to neglect this effect. Technical challenges which must be overcome include
generating adequate forces in the direction of interest, and obtaining sufficiently rapid response of the
actively-controlled system. Furthermore the response of the controlled system is at best only as good as
the numerical model used to control it, and thus the model test lacks the completely physical nature of a
conventional test.

4. Experimental Set-up

The experimental set-up is illustrated in Figure 1. The floater consists of a TLP designed for 70m water
depth with four pontoons in a cross arrangement each fitted with two tendons. The floater is designed to
utilize the bench-mark NREL 5MW turbine (ref). Mass properties of the floater were scaled to yield
correct values of the mass, CG, and moments of inertia in pitch and yaw; unfortunately it did not prove
possible to model the tower stiffness correctly. Springs were utilized in the tendons to yield correct
scaled stiffness, and the model was designed so that the tendon tension could be adjusted from above.
The tendons are mounted on a frame which allows the floater to be rotated 45 degrees relative to the
wave heading.

A ducted fan unit intended for use on a model aircraft was fitted at the correct vertical location for the
drive train. This was capable of developing up to 50N of thrust. This was mounted on a load cell and
extensively bench-tested to determine the relationship between steady speed and thrust (see Figure 2).



A set of dynamic tests then explored the ability of the fan to respond sufficiently quickly to reflect
variations in thrust which could be expected from the turbine in turbulent wind, and to test the
reliability of the fan over extended periods of running. The dynamic response was found to be
acceptable as shown in Figure 3.

The fan was mounted at the correct tilt angle, and was fitted on a plate which allowed rotation of the
fan relative to the floater in order to allow modelling of situations in which wind and waves were not
co-linear. It had been intended to run the entire measurement system wirelessly to eliminate the impact
of motion damping from the cables; however this did not prove possible due to the high power
demands of the fan which could not be met using batteries for the duration of the tests, which ran for up
to 30 minutes at model scale.
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Figure 3 Time history of target and measured load from fan

The SIL control system for the fan was developed by CENER. The 6DOF rigid-body motions of the
platform are computed from the measurements by the Qualisys motion capture system and output in
real time to the control PC. The control PC runs a highly modified version of the well-known FAST
aero-hydro-servo-elastic code in which the standard hydrodynamic calculations to find instantaneous
values for platform position, attitude and velocities are replaced by the values obtained from the tank
measurements. The code then calculates the aerodynamic thrust expected with the instantaneous
platform location and dynamics in the wind field (either steady or turbulent) and outputs the thrust
demand to the fan controller. This in turn controls the fan to rotate at the speed associated with the
target value of thrust. The system could also be used in a “dumb” mode without SIL. In this case the fan
was simply run at a speed associated with a predefined constant mean thrust.

Inevitably there were a number of practical challenges associated with this system. Extreme care is
required to transform between the different co-ordinate systems adopted by Qualisys and FAST.
Furthermore it was found that in spite of the use of anti-vibration mountings, the fan excited the tower-
top accelerometer so that the measurements from this accelerometer could not be used. However since
the TLP exhibits almost no pitch and roll, it was found from tests without the fan that the accelerations
at the platform CG and the tower top were almost identical.

5. Sample Results
5.1 Test program

The complete test program consisted of a wide range of tests, including free oscillation tests, regular
wave tests, irregular wave tests, and a variety of special cases including tendon loss tests, variable water
depth tests, and emergency stop tests.

The free oscillation and regular wave tests can be considered as characterizing the performance of the
platform in the frequency domain. For these tests, in order to maximize repeatability, the SIL tests were
run with constant wind speed (i.e. no aerodynamic turbulence) at the rated wind speed of 11.4m/s. In
contrast, the tests in irregular waves were run with turbulent wind. The FAST implementation utilized



the standard control system as supplied by NREL with their TLP model. The analysis presented here
focusses on the results from free oscillation and regular wave tests.

5.2 Free Oscillation tests
Free oscillation tests were carried out for all six degrees of freedom of motion. However due to the very
high natural frequencies of response, and very rapid motion decay, tests in pitch roll and heave were not
reliable. Tests in surge and yaw produced repeatable results. In surge, the tests were executed in three
modes: with no wind, with predefined thrust (PT) and with software in the loop (SIL).

Each test was repeated a total of ten times. Several different data analysis procedures were investigated.
In the simplest procedure the analytical solution of a linear spring-mass-damper system:

mX + cX + kx =0 1)

was fitted to the experimental time history in the form:
x(t):Y+>A<exp(—§a)t)cos((1—§)Z a)t—¢) (2)

where x(t) is the time history of the displacement, X is the mean value, Xis the initial amplitude, ¢ is
the critical damping ratio, o is the undamped natural frequency, and ¢ is the phase angle. The values

of these variables were calculated by minimizing the mean squared error over the time history, using a
Generalized Reduced Gradient (GRG) optimization approach.

VAN NP

¢

! N A
IIH\/V"

— Measured Data

Figure 4 Typical Linear fit for surge (no wind)

With no wind, the linear model fits quite well to the data. A typical example is shown in Figure 4. There
is a hint of non-linear damping in this time history, evidenced by underestimation of the smaller
motions, and some evidence of non-linear restoring, as the period appears to change very slightly as the
oscillation amplitude reduces. The statistics of the derived data showed very good repeatability, with
standard deviation of the period of 0.1% of the mean value and the corresponding value for the



linearized critical damping ratio being 3.5% of the mean value. With predefined thrust, similar results
were obtained, with a similar quality of fit and a similar level of repeatability. Based on the linear
analysis, the mean period reduced by 0.1%, while the mean critical damping ratio increased by 3.3%.
The repeatability was similar, with standard deviations of period and damping ratio of 0.2% and 2.9%
of the respective mean values.

When the SIL was deployed, the results changed somewhat. A typical time history is shown in Figure 5.
By comparison with Figure 4, it can be seen that there is a mean offset related to the mean thrust. The
level of fit is also less good, with the best-fit linear model over-predicting motion at large amplitudes,
and under predicting at smaller amplitudes. This suggests a stronger degree of quadratic damping than
in the previous two cases. The mean period is 1.2% lower than the case with no wind, and the mean
linearized damping is 17.8% lower. The variation between tests is also increased; the standard deviation
of the period is 2.1% of the mean, while the equivalent value for the critical damping ratio is 35.8% of
the mean, indicating considerable scatter. This may suggest that the free oscillation test with SIL is
more susceptible to variations in initial conditions than the other tests, and possibly an improved test
procedure should be developed.

An alternative approach was then deployed in which the fitted time history was generated from the
solution of the non-linear equation of motion:

mX + ¢, + ¢, X|X| + kx = 0 (3)

This was solved using a standard fourth order Runge-Kutta approach, and once again the GRG
approach is utilized to generate the best fit values of the mass m, the linear and quadratic damping
c,and c, and the restoring k .

For the case with no wind, almost no difference was observed in the fit quality, the estimated system
mass was identical to five significant figures, while the linear component of damping reduced by 16%.
The repeatability was slightly less good; the standard deviation of the mass and linear damping were
0.3% and 1.8% respectively while the standard deviation of the quadratic damping was 5.0%.
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Figure 5 Typical Linear fit for surge (SIL)
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Figure 6 Typical Quadratic fit for surge (SIL)

In contrast for the SIL, the fit was noticeably improved as can be seen in Figure 6. This is to be
expected, as the aerodynamic damping can reasonably be assumed to behave more like quadratic than
linear damping. In this case the best fit mass was found to be 2.3% lower than in the case of no wind,
with a standard deviation of 3.9% of the mean. The mean linear damping was 53% lower than the no-
wind case, but with standard deviation of 40% of the mean. In contrast the mean quadratic damping
was 77% higher, but with standard deviation 34.3% of the mean.

These results show that the impact of the SIL model on the predicted damping is substantial, and could
have substantial impact on the performance of the structure in extreme conditions. However, the
variability of the results is high, and further work is required to investigate the causes of this variation.
Preliminary investigations sho scillation data, particularly
towards the end of the motion decay, can be obtained by utihzing a non-linear restoring model,
although this has not yet been implemented systematically. An example for the SIL tests using a linear-
cubic restoring function along with quadratic damping is shown in Figure 7.
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Figure 7 Non-linear restoring fit for surge (SIL)



5.3 Regular wave tests

A series of regular wave tests were run at in head seas to establish the response amplitude operators of
the 6DOF motions. Amplitudes were scaled to 1.0m at full scale. The tests were repeated for conditions
of no wind, predefined thrust, and SIL. As with the free oscillation tests, the presence of wind load has
two effects — firstly the mean offset, which affects the motions, and secondly the impact on damping. A
typical time history of motions with no wind is shown in Figure 8.

Figure 8 Motions with no wind

Some transverse effects are present due to slight asymmetry in model installation. This shows in
descending order, the wave elevation, the pitch, yaw, heave, sway and surge motions. The pitch motion
has a triangular form with a range of just over 0.1 degrees, while the yaw has a saw-tooth motion with
range of around 0.4 degrees. As expected for a TLP the heave motion responds at twice the frequency of
the surge, and a small systematic asymmetry between alternate cycles can be seen resulting from slight
surge offset.

With the SIL operating the results change somewhat, as shown in Figure 9, for the same wave case as
Figure 8. The pitch and yaw motions are similar in magnitude but the time histories exhibit different
shapes. There is a pronounced difference in the heave motion, due to the offset. If the surge offset were
a little larger, so that the platform never passed the point where the tendons were vertical, then the
heave motion would switch to a wave frequency response rather than a double-frequency response.

The impact on the surge RAO is shown in Figure 10 for full-scale periods. The motions with SIL are
generally smaller than those measured with no wind, with the largest difference of nearly 21% at 20
seconds period, and nearly 5% at the peak. The use of SIL system also produces smaller motions than
the predefined thrust approach in the region of peak response, with the greatest difference of 11.6%
occurring at 20 second period.
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Figure 10 Surge RAO

6. Conclusions

A software in the loop (SIL) system for simulating the aerodynamic thrust on a floating wind turbine
system has been developed and deployed in tests of an innovative shallow-water TLP structure. The
system offers a number of advantages over conventional full-coupled modelling utilizing a working
rotor in a wind field, including the ability to deploy in a wide range of facilities, reduced cost, greater
flexibility of scale, and ability to simulate the impact of some features such as control systems and
blade elasticity which may prove challenging with a working rotor. At present the system is still under



development and there are some issues with regard to repeatability and experiment methodology which
require further refinement.

Results for free oscillation tests and regular wave responses for the TLP turbine show that the
implementation of the SIL approach gives greater quadratic damping, and can affect the RAO in surge
by as much as 20% compared to the case with no wind, and more than 10% compared to the case with a
predefined thrust.
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