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1 Introduction & Background
1.1 Introduction
The wave tank testing of floating wind turbines requires the correctly scaling of aerodynamic and hydrodynamic
forces. This is a challenge, due to the conflict in the scaling laws based on Froude and Reynolds numbers. To sort
out this conflict, CENER developed a hybrid testing method called SiL (Software-in-the-Loop) where the
aerodynamic rotor forces are computed by a numerical model fed in real time by the measured motions of the
platform in the wave tank. A ducted fan installed at the equivalent rotor position introduces the computed thrust
force in the scaled model. Therefore, the rotor thrust is represented by a punctual force at the hub position that
considers turbulent wind, control actions, aerodynamic rotor damping due to the motions of the platform, etc. The
main limitation of the system is that the rotor out of plane moments caused by aerodynamic effects such as
imbalances, wind shear, pitch failures, misalignments, or gyroscopic effects are not captured with a punctual force.
In this test campaign, the method has improved to allow the introduction of the rotor moments due to aerodynamic
and gyroscopic effects. The original ducted fan actuator has been substituted by a multifan composed by 4
propellers that can introduce the computed moments. The new method has been applied to a 1/50 model of the
OC6 semisubmersible 5MW turbine. Two different controllers have been tested in this project: a variable-speed
variable-pitch-to-feather (VS-VP) controller and a individual-pitch-control (IPC) controller.The main objectives of
the present access are :
-

Validate the new multifan actuator in terms of frequency and amplitude of the response
Evaluate the performance of the SiL hybrid testing method with the new capability of including rotor
moments and compare it with other wind emulation methods
Experimental validation of new advanced control strategies

1.2 Development So Far
1.2.1 Stage Gate Progress
The stage gate progress in this project is difficult to determine following the criteria below, as the objectives of
the user group are not related to a specific device, but rather related to qualification of an improved hybrid
testing method (SiL) and to compare two different floating control strategies (VS-VP and IPC).
Previously completed: ✓
Planned for this project:

STAGE GATE CRITERIA
Stage 1 – Concept Validation
• Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
• Finite monochromatic waves to include higher order effects (25 –100 waves)
• Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
• Restricted degrees of freedom (DofF) if required by the early mathematical models
• Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
• Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
• Real seaway productivity (scaled duration at 20-30 minutes)
• Initially 2-D (flume) test programme
• Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
• Evidence of the device seaworthiness
• Initial indication of the full system load regimes



Status
✓


✓




STAGE GATE CRITERIA

Status

Stage 2 – Design Validation
• Accurately simulated PTO characteristics
• Performance in real seaways (long and short crested)
• Survival loading and extreme motion behaviour.
• Active damping control (may be deferred to Stage 3)
• Device design changes and modifications
• Mooring arrangements and effects on motion
• Data for proposed PTO design and bench testing (Stage 3)
• Engineering Design (Prototype), feasibility and costing
• Site Review for Stage 3 and Stage 4 deployments
• Over topping rates
Stage 3 – Sub-Systems Validation
• To investigate physical properties not well scaled & validate performance figures
• To employ a realistic/actual PTO and generating system & develop control strategies
• To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
• To validate electrical supply quality and power electronic requirements.
• To quantify survival conditions, mooring behaviour and hull seaworthiness
• Manufacturing, deployment, recovery and O&M (component reliability)
• Project planning and management, including licensing, certification, insurance etc.
Stage 4 – Solo Device Validation
• Hull seaworthiness and survival strategies
• Mooring and cable connection issues, including failure modes
• PTO performance and reliability
• Component and assembly longevity
• Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
• Application in local wave climate conditions
• Project management, manufacturing, deployment, recovery, etc
• Service, maintenance and operational experience [O&M]
• Accepted EIA
Stage 5 – Multi-Device Demonstration
• Economic Feasibility/Profitability
• Multiple units performance
• Device array interactions
• Power supply interaction & quality
• Environmental impact issues
• Full technical and economic due diligence
• Compliance of all operations with existing legal requirements

1.2.2 Plan for This Access
The plan for the access is described in Table 1. It consisted of sequential test cases with stepwise increasing
complexity. For the preparation and setup of the scaled model and the verification of the required hardware and
software, 2.5 days were dedicated. Then, 2.5 days were spent to “documentation cases”, with the objective of
experimentally verify that the physical properties of the scaled model were achieved. Another 2.5 days were
dedicated to the verification of the SiL method: calibration of the multifan, frequency response, communication
with the basin motion tracking system, etc. Finally test including the advance control strategies with different wind

and wave conditions were performed during the last 2.5 days. All the planned cases in the campaign test matrix
were successfully completed.
Cases
Preparation / Setup
Floater/Mooring System/Ducted fan assembly
Out-of-basin Hardware/Software functioning verification
Documentation tests
Hammer tests for natural frequencies detection
Restoring tests cases to verify the mooring system stiffness
Free decay tests to verify the natural frequencies of the floating system
Wave only tests to check motion RAO’s of the platform
SIL verification tests
Fixed rotor settings: Thrust requested versus Thrust delivered
Decay test under constant wind and active control to verify rotor
damping
Test with advanced control strategies
Regular waves and constant/turbulent wind
Irregular waves and constant/turbulent wind

Duration
2.5 days

2.5 days

2.5 days

2.5 days

2 Outline of Work Carried Out
2.1 Setup
2.1.1 Model
2.1.1.1

Floater and tower

The floating model consisted of the existing MARIN model 9697, whose geometry corresponds to the
DeepCWind semi-submersible floater (Goupee et al. 2012) at 1:50 scale, and a rigid aluminium tower designed
to mimic the mass of the NREL 5 MW wind turbine tower and rotor-nacelle-assembly (Jonkman et al. 2009,
Jonkman 2010). The model is shown in Figure 2.1.

Figure 2.1 Model during tests

Key geometric characteristics of the model and tower (in full scale) are presented in Table 2.1.
Parameter

Description

Center column diameter

6.5 m

Side column diameter
Base column diameter
Draft
Base column height
Side column freeboard
Tower top height over keel

12 m
24 m
20 m
6m
10 m
77.3 m
Table 2.1 Key geometric parameters

Figure 2.2 Coordinate system in the basin

2.1.1.2 Actuator system to include wind loading
To sort out the conflict in the scaling rules of aerodynamics and hydrodynamics, CENER developed a hybrid testing
method called SiL that consisted on the inclusion of the rotor thrust using a propeller at the tower top. The force
introduced by the propeller was computed by a simulation fed by the platform measured motions at the tank in
real time (Azcona et al 2014, Azcona et al 2019). This approach has been expanded in this test campaign including
the rotor out of plane moments due to aerodynamic and gyroscopic effects. The new method required the
modification of both the hardware and software of the SiL system. The former actuation system using a ducted
fan was replaced by four drone propellers equally distributed around the ideal position of the rotor hub of the
scaled turbine. The actuator system was built up selecting commercial hardware from drone technology, which
are reliable and cost efficient components. The dimensions of the frame and the power of the propellers were
designed based on the expected rotor thrust and moments.

Figure 2.3 Actuator system with 4 propellers

The drone propellers were individually calibrated to characterize their thrust reaction to the control PWM (duty
cycle) signal. Finally the complete actuator force and moments response was calibrated using a 6-component load
cell.
2.1.1.3

Mooring system

A simplified mooring system was designed and constructed for the new tests. Three mooring lines, consisting of
a soft spring and rigid wire, were attached to the model. A pulley system was used such that the spring could be
vertical and dry, while the anchor positions were low enough that the surge-pitch coupling from the mooring
system was similar to the original catenary system. The fairleads were attached to the top of the base columns
while the anchors were defined by the pulleys

The mooring system is shown schematically in Figure 2.4.

Figure 2.4 Top left: spring as installed. Bottom left: pulley prior to installation. Right: schematic of single mooring line
assembly seen from side (not to scale).

2.1.2 Instrumentation
The measured quantities during the model tests included motions and accelerations of the platform, tension at
the fairleads and wave elevations. Table 2.2 summarizes the instrumentation which was present during the tests
in the basin. The location of several sensors are highlighted in Figure 2.5. In addition to these measurements,
the water temperature was measured once daily using a mercury thermometer, and the model’s mass and
inertia properties were measured prior to the tests.
Measured quantity

Measuring device

6 DOF motions

Optical system, placed on top of starboard column

Platform
accelerations
Fairlead tension
Wave elevation

3 x 3-directional accelerometers, one on top of each side column

Wavemaker position

3 force rings, one at each fairlead
5 (6 during wave calibration) resistance-type wave gauges. (x,y) locations
with respect to the SF system:
Potentiometer
Table 2.2 Instrumentation

Figure 2.5 Instrumentation

2.2 Tests
2.2.1 Test Plan
The tests which were carried out are summarized in Error! Reference source not found.. As shown, multiple
repetitions were carried out for the decay tests and for all the tests with the model in waves. These repetition
tests are particularly important inputs for the uncertainty analysis.

Test
ID

1

Test description

Wind Speed
"full scale"
(m/s)

Hs (m)
Tp (s)
full scale full scale

8

0.00

0.00

2

11.4

0.00

0.00

3

0

0.00

0.00

8

0.00

0.00

4
5

Steady wind only

Pitch free decay + steady
wind

6
7

Steady Wind + white noise
(RAO with wind)

11.4

0.00

0.00

16

0.00

0.00

11.4

10.50

-

Tank
duration
(s)

Full scale
duration
(s)

282.8

2000

565.7

4000

1583.9

11200

8

White noise (RAO without
wind)

0

10.50

-

1583.9

11200

9

Irregular waves only

0

7.10

12.10

1583.9

11200

10

Turbulent Wind only

11.4

0.00

0.00

565.7

4000

8

7.10

12.10

11.4

7.10

12.10

1583.9

11200

13

16

7.10

12.10

14

8

7.10

12.10

11.4

7.10

12.10

1583.9

11200

16

16

7.10

12.10

20

8

7.10

12.10

11.4

7.10

12.10

1583.9

11200

16

7.10

12.10

8

7.10

12.10

11.4

7.10

12.10

1583.9

11200

16

7.10

12.10

26

Fault cases during
production. One blade to
0deg

16

7.10

12.10

565.7

4000

27

Fault cases during
production. One blade to
0deg
Norotor moments included

16

7.10

12.10

565.7

4000

11
12

15

21

Turbulent wind + irreg
waves
(Controller 1)

Turbulent wind + irreg
waves
(Controller 2)

Turbulent wind + irreg
waves + yawed nacelle (30
deg)

22
23
24
25

Turbulent wind + irreg
Waves + yawed nacelle (30
deg) SiL does NOT include
moments

Table 2.3 Test matrix

2.3 Results
A limited number of results are presented here in order to illustrate some of the findings from the experiments.
Further analysis of the responses – including validation of computer codes – will be carried out in ongoing and
future work.

2.3.1 Verification of new multifan actuator
A preliminary comparison between the requested and realised rotor thrust has been performed. The comparison
shows that the multifan is able to correctly introduce the requested thrust both in time domain (Figure 2.6) and
in frequency domain (Figure 2.7). The causes for the small differences are being investigated now and a discussion
on these results will be published in the future.

Figure 2.6 Requested thrust force from the SIL system and realized thrust force measured. Time domain comparison,
controller IPC

Figure 2.7 Requested thrust force from the SIL system and realized thrust force measured. Frequency domain comparison,
controller IPC

2.3.2 Decay tests
Decay tests in different degrees of freedom were carried out in still water by displacing the model manually and
allowing it to return to its initial position. These tests are useful for characterizing the natural periods and damping
of the model, and will provide useful simple tests for validation of numerical models.

Time series of the surge and pitch platform motions are shown in Figure 2.8 (surge) and Error! Reference
source not found. (pitch). The repeatability of the obtained damping coefficients will be examined in greater
detail in future analysis.

Figure 2.8 Surge decay test

Figure 2.9 Pitch decay test

2.3.3 Test cases with turbulent wind and irregular waves
Figure 2.10 and Figure 2.11 show the power spectral density of the platform surge and pitch for irregular waves and
three turbulent wind conditions using the VS-VP controller. The response amplitude at the pitch mode frequency
decreases for increasing wind speed. This is caused by the wind speed-dependent coupling between the platform pitch
mode and wind turbine controller. These results will be discussed with extension in a future publication.

Figure 2.10 PSD of platform surge with VS-VP control for irregular waves and three turbulent wind conditions.

Figure 2.11 PSD of platform pitch with VS-VP control for irregular waves and three turbulent wind conditions.

2.4 Analysis & Conclusions
The SiL hybrid testing method is improved to include rotor moments generated by aerodynamic and gyroscopic
effects. This paper shows that the relative importance of gyroscopic moments is low in comparison with the
aerodynamic rotor moments in the considered cases. The rotor moments are particularly important in the floating
turbine dynamics in cases with large rotor load imbalances such as situations where one blade fails to pitch.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1 Progress Made: For This User-Group or Technology
This test campaign allowed testing for the first time the SiL hybrid testing method including the rotor moments.
The new features worked successfully and the group was able to test cases were rotor imbalances are important
in the floating platform dynamics, such as cases with blade pitch control failure that are described in the guidelines.
In addition, the new actuator using 4 propellers was also used to introduce the rotor forces for the first time

successfully and demonstrate a good behaviour in terms of reliability and frequency/amplitude response. Finally
two innovative control strategies, previously verified in a simulation environment, were tested in a laboratory.
Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?

3.1.1.1

The tests were completed successfully, but with the natural limited scope of any test campaign, that has to be
focused in specific aspects. Therefore, in addition to the planned analysis and validation work, we hope to carry
out further tests with new control strategies. We also want to use the new SiL method including rotor moments
to reproduce in laboratory instabilities identified in numerical models. We also want to improve the SiL method
including the moment around the shaft due to the generator.

3.1.2 Progress Made: For Marine Renewable Energy Industry
As result of this campaign, we have obtained data high quality data to the analysis of the performance of different
advanced control strategies for floating wind turbines. It has been also demonstrated the capability of the SiL
hybrid testing method to include the rotor loading in challenging tests such as cases with pitch failure. The inclusion
of rotor aerodynamic and gyroscopic moments and the good accuracy of the new multifan actuator will improve
the accuracy of future scaled wave tank tests.

3.2 Key Lessons Learned
•
•
•

Propellers coming from drone technology can be used to introduce the rotor loadings with accuracy in a
hybrid testing scheme.
Propellers worked with reliability and the execution of hybrid tests were performed efficiently once the
setup was completed.
The inclusion of moments requires much higher amplitude of the forces introduced by the propellers in
comparison with test including only the rotor thrust. Therefore, the propellers and the dimensions of the
actuator must be carefully chosen depending on the type of experiment to be performed.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:
•

Planned/in progress:
1. Fontanella, Y. Liu, J. Azcona, O. P. Jimenez, I. Bayati, S. Gueydon, E. J. de Ridder, J. W. van
Wingerden, M. Belloli. Experimental validation of two floating offshore wind turbine control logics in
hybrid software-in-the-loop wave basin tests. Conference paper at Torque 2020.
2. I.Bayati, S.Gueydon, J. Azcona, O.Jimenez, A. Fontanella, Y.Liu, E.J. de Ridder, M. Iribas, M.Belloli,
J.W.van Wingerden. Performance assessment of a multi-fan drone for SIL/Hybrid wave basin tests of
FOWT. Conference paper at Torque 2020.
3. O. Pires, J. Azcona, F. Vittori, I. Bayati, S. Gueydon, A. Fontanella, Y. Liu, E.J. de Ridder, M. Belloli,
J.W. van Wingerden. Inclusion of rotor moments in scaled wave tank test of a floating wind turbine
using SiL hybrid method . Conference paper at Torque 2020.

4.2 Website & Social Media
Website:
YouTube Link(s):
LinkedIn/Twitter/Facebook Links:
https://www.linkedin.com/feed/update/urn:li:activity:6600147324893175809/?commentUrn=urn%3Ali%3Acom
ment%3A(ugcPost%3A6600147160732315648%2C6606281422334504961)

https://www.linkedin.com/feed/update/urn:li:activity:6599557796793069568/?commentUrn=urn%3Ali%3Acom
ment%3A(ugcPost%3A6599557775444054016%2C6601085367221305344)
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6 Appendices
6.1 Stage Development Summary Table
The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that
should be committed to at each TRL.

NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific knowledge generated
Scientific knowledge generated underpinning
observed and
underpinning hardware technology
basic properties of software architecture and
reported.
concepts/applications.
mathematical formulation.

Exit Criteria
Peer reviewed publication of
research underlying the
proposed
concept/application.
Documented description of
the application/concept that
addresses feasibility and
benefit.

2

Technology
concept and/or
application
formulated.

Invention begins, practical application is
identified but is speculative, no experimental
proof or detailed analysis is
available to support the conjecture.

Practical application is identified but is
speculative, no experimental proof or detailed
analysis is available to support the conjecture.
Basic properties of algorithms, representations
and concepts defined. Basic principles coded.
Experiments performed with synthetic data.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology in an
appropriate context and laboratory
demonstrations, modelling and simulation
validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software components.

Documented
analytical/experimental
results validating predictions
of key parameters.

4

Component and/or
breadboard
validation in
laboratory
environment.

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and critical
test environments, and associated
performance predictions are defined relative
to the final operating environment.

Key, functionally critical, software
components are integrated, and functionally
validated, to establish interoperability and
begin architecture development.
Relevant Environments defined and
performance in this environment predicted.

Documented test
Performance demonstrating
agreement with analytical
predictions. Documented
definition of relevant
environment.

5

Component and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions are
made for subsequent development phases.

End-to-end software elements implemented
and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted. Prototype
implementations developed.

Documented test
performance demonstrating
agreement with analytical
predictions. Documented
definition of scaling
requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and operated in
a relevant environment to demonstrate
operations under critical environmental
conditions.

Prototype implementations of the software
demonstrated on full-scale realistic problems.
Partially integrate with existing
hardware/software systems. Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented test
performance demonstrating
agreement with analytical
predictions.

7

System prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance in
the actual operational environment and
platform (ground, airborne, or space).

Prototype software exists having all key
functionality available for demonstration and
test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance demonstrating
agreement with analytical
predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final configuration
is successfully demonstrated through test
and analysis for its intended operational
environment and platform (ground, airborne,
or space).

All software has been thoroughly debugged
and fully integrated with all operational
hardware and software
systems. All user documentation, training
documentation, and maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9

Actual system
flight proven
through
successful mission
operations.

The final product is successfully operated in
an actual mission.

All software has been thoroughly debugged
and fully integrated with all operational
hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is in
place. System has been successfully operated
in the operational environment.

Documented mission
operational results
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