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1 Introduction & Background
1.1 Introduction
Saitec Offshore Technologies has developed SATH (Swinging Around Twin Hull) floating platform, a
game-changing solution to current offshore wind issues. SATH is a competitive proposal not only for
medium-deep water offshore development, but also to compete directly with traditional bottom-fixed
offshore wind solutions. SATH is designed and focused in a significant cost reduction, both in investment
and operation due to:
1.
2.
3.
4.
5.
6.

The use of concrete
Its low draught
Plug & Play installation
Single point mooring
Self-stability
Scalability

1.2 Development So Far
SATH technology has been under development since earlier 2013. The analysis and design of SATH follows
an intensive procedure in which both, numerical and experimental analyses are addressed. Due to the
simplifications of the theories which are behind the numerical models, some adjustments are required.
This calibration of the analytical tools is achieved by the experimental test results.
The concept validation has been already tested in previous test campaigns. Three preliminary tank tests
have been carried out at the Cantabria Costal & Ocean Basin (CCOB) during the past years (2014, 2017).
Different configurations of 1/60 & 1/35 scale models were used for 5 MW and 2MW wind turbines
respectively.
To date, SATH concept is validated and the numerical models calibrated. The FLOSATH Project, leaded by
Saitec Offshore Technologies, pursued the identification and characterization of the second order
response of the system that will lead to further optimizations of the station keeping system for specific
sites.

1.2.1 Stage Gate Progress
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

Status






STAGE GATE CRITERIA
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
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.

Status

























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







STAGE GATE CRITERIA
Full technical and economic due diligence
Compliance of all operations with existing legal requirements

Status



1.2.2 Plan For This Access
As it has been previously mentioned, these tank tests aimed to investigate some hydrodynamic responses
that can not be numerically addressed. The limitations presented by the numerical models make necessary
to perform experimental testing to obtain some specific hydrodynamic parameters. These tests were
primary aimed to obtain the second order response of SATH for an optimization of its mooring system.

Primary Objectives:




To evaluate the mean and slow varying drift forces under operational and extreme sea states for
SATH technology
To evaluate the behaviour and the loads over the mooring system under the Influence of the slow
drift motions
To optimize the mooring system of SATH technology for specific sites

More specifically:













Identification of the mean drift coefficients for different combinations of steepness covering a
range that includes low, medium and very steep waves – Stage 1: Finite monochromatic tests to
include higher order effects.
Calibration of the quadratic transfer function coefficients of the numerical models through small
scale testing - Stage 1: Investigate physical process governing device response. May not be well
defined theoretically or numerically solvable
Optimization of the mooring system through the evaluation of the mean and slow drift response of
the platform – Stage 3: To investigate physical properties not well scaled & validate performance
figures & To quantify survival conditions, mooring behaviour and hull seaworthiness
Calibration and validations of full-coupled numerical models using the obtained experimental data
for a better representation of the real device – Stage 3: To investigate physical properties not well
scaled
Optimization of the design of the structure for reducing the cost and enhancing the solution – Stage
5: Economic feasibility/profitability
Enhancement of current QTF analysis techniques, and study of applicable methodologies to
horizontal hull type floating structures - Stage 1: Investigate physical process governing device
response. May not be well defined theoretically or numerically solvable
Study a more realistic LCOE based on a proved technology for the total commissioning and
operation of the full-scale prototype - Stage 5: Economic feasibility/profitability

FLOSATH - SCHEDULE

1
2
3
4
5
6
7
8
9
10
11

Physical properties characterization
Springs characterization
Mooring lines calibration
Instrumentation set‐up
Qualysis calibration
Static tests (Decay)
Waves calibration
Trial tests
Static tests (Decay; Tilt; Static_offset)
0º ‐ Pink Noise tests
0º ‐ Regular wave tests no wind

12

0º ‐ Irregular wave tests no wind

13
14
15
16
17
18
19

0º ‐ Regular wave tests with wind
0º ‐ Irregular wave tests with wind
Set‐up modification (0‐20º)
Static Tests (Static_offset)
20º ‐ Pink noise
20º ‐ Regular wave tests no wind
20º ‐ Irregular wave tests no wind
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Figure 1‐1FLOSATH ‐ SHCHEDULE

2 Outline of Work Carried Out
2.1 Setup
2.1.1

Description of Wave Basin

The IFREMER basin is filled with sea water (density 1025kg/m3). The basin is 50m long, 12.5m wide and
variable in deep from 20m by 12.5m and 10m by 37.5m. The main equipment includes:







Overhead cranes
Motorised carriage
Non-motorised carriages
Wave maker: hydraulic generator; wedge type generator; mono-directional waves
Hexapod
Aerial and under water motion tracking system

Figure 2‐1 Ifremer wave basin description

2.1.2

Scale model configuration - Platform

The model is a 1/36 scale model mostly made out of steel following Froude similitude scaling, with
equivalent mooring lines using springs.
The SATH structure (FOWT) consists of the following elements:







Wind turbine: fan
Tower: a tower divided in two sections, with the lower part partially submerged
Hull: two elliptical shaped tanks
SPM connection: a vertical axe allows the mooring to rotate around this point
Heave plates: a set of heave plates are installed in the lower part of the hull
Mooring system: horizontal combinations of wire & springs;

Based on the original platform design, the physical model has been scaled following the Froude scaling
laws of similitude. Based on a balance between the tank limitations/capabilities and the quality of the
results, the chosen scale is 1/36.
Since the physical models must cope with the waves and wind loads generated in the basin, the mock-up is
built in steel AISI313 and aluminium EN AW 5754 witch protective coating and painted due to the salinity

nature of the water. It has enough mechanical resistance to withstand the expected hydrodynamic loads
without deformations and vibrations, something which could affect the expected results.

Figure 2‐2 SATH Concept (Modelling software (left) & Scale Model (right))

2.1.3

Scale model configuration – Mooring System

The mooring system configuration consists of horizontal combinations of wire & springs; two different
layouts were implemented in order to analyse 0º wave headings and 20º wave headings.
The objective is to have a simple and linear setup appropriate for identification of hydrodynamic
coefficients and RAOs. Wave drift force coefficients will primarily be identified from the tests with this
mooring system.
One important objective of the model test program is to acquire data to identify the hydrodynamics of
wave-structure interaction. A strong focus is on the slowly varying wave drift motions and related forces.
For this reason, a simple horizontal and soft mooring system is recommended for the model tests. The
mooring system horizontal restoring characteristics are (almost) linear, which simplifies the analysis of
results and identification of hydrodynamic properties.
The horizontal mooring system restrains the vessel heading at a mean position with respect to the
incoming waves. It consists of 4 lines that:
• Connected to the model at one end and attached to the sides of the basin, above water, at the
other end.
• Connect to the model at the LCG on the Port and Starboard sides (LCG – longitudinal position of the
centre of gravity).
• Connect to the model at the VCG height (VCG – vertical centre of gravity). The aim is to decouple the
pitch motion from the mooring system forces.
• The angular separation between the 4 lines is 90 degrees.
• The designed stiffness of each line is given by linear springs installed at the end connecting to the
ocean basin sides.
• The lines shall be very thin and stiff (steel wire cables).

Figure 2‐3 Mooring lines attachment sketch

Two headings of the model with respect to the Ocean Basin are considered, namely 0, 20 degrees. The
first, 0 degrees, corresponds to head waves. The second, 20 degrees, aims at representing non-head wave
conditions, which may occur in non-collinear wave-wind-current environments. The mooring lines and
springs are the same for the two headings, but with different lengths and different fixing points on the
ocean basin sides.

Figure 2‐4 Mooring set up (0º & 20º)

Figure 2‐5 Laboratory set‐up

2.1.4

Scale model configuration – Wind turbine

A Radio Controlled model fan was installed on top of the mast of the system to simulate the wind turbine
effects. The thrust is generated by a T-Motor propelling system. The brushless motor is driven by a 20A
electronic speed controller (ESC). The ESC converts the DC power supply into a three-phase current.
Depending on the input command, the output signal will be modified and the thrust will vary.
A Raspberry Pi is used as a controller. It is running a Python program that let to control the thrust via a
Graphical User Interface. A Pulse Position Modulation numerical signal is generated on a General Purpose
Input/Output pin that is plugged on the ESC.

Figure 2‐6 Controlled Fan

2.1.5

Instrumentation

With the aim of collecting the required physical phenomena occurring during the tests, the following set of
instruments and sensors were used:







Free surface transducers to measure water level oscillations measurements (wave gauges)
Load cells to measure forces on mooring lines
Pressure transducers to register hydrodynamic pressure in heave plates
Track motion system (Qualisys) to measure the upper tank movements
Load cell just below the fan to check the wind loads
Data acquisition system for data monitoring and collection

2.2 Tests
2.2.1 Test Plan
The following test was performed in order to assess the hydrodynamic performance and feasibility of the
SATH mooring system under waves and wind action:
1. Preliminary works and model set-up: mooring lines, arrangement of anchoring points, etc.
2. Installation of the required sensors on the device, ocean basin and mooring lines: optical
system for recording motions, free surface are sensors, pressure sensors and axial load cells (for
the mooring system)
3. Identification of mass properties: Identification of mass properties, namely mass, COG, moments
of inertia. Typically swing tests are used to identify moments of inertia.
4. Static tests in water: static tests in water to identify hull volume and centre of buoyancy.
Inclination tests to identify the metacentric height in roll and in pitch.

5. Pull outs: pull out tests in surge and sway to identify the horizontal restoring curves. The curves
were identified up to the expected extreme motion amplitudes.
6. Decay tests: decay tests in calm water by pulling the model to a deflected position, hold and
release.
7. Tests in periodic waves: six periodic wave periods were selected based on the numerically
obtained wave drift coefficients for head waves. Several wave steepnesses were selected to
represent small, medium and large amplitude waves. The wave periods and heights were adjusted
to the basin capabilities.
The tests were organized in the following groups:
o

Tests in head waves without wind force. Waves with different steepness were run for each
period

o

Tests in head waves including wind force (2 different wind intensities were tested). Only one
moderate steepness per wave period

o

Tests in 20º heading without wind. Only one moderate steepness per wave period.

8. Tests in irregular waves: the selection of irregular sea states is based on the wave environmental
contour of Bimep site. The tests were organized in the following groups:
o

Pink noise tests with two headings (0 & 20º heading)

o

Tests representative of operational conditions for two headings (0 & 20º)

o

Tests in severe seastates for two headings (0 & 20º)

o

Seed variation for one pink noise and the expected most severe sea states.

The selection for the definition of the sea states was based on the following:
I.

One sea state represented by a broad band wave spectrum, “pink noise”.

II.

Six sea states along the 50 years environmental contour (normal distribution)

III.

One sea state with the same Tp as the contour largest Hs, but nearly half the maximum Hs.
One seatate with the same Tp as the expected worst seastate, but with half Hs. These are
selected to identify nonlinear effects.

IV.

Three sea states representative of operational conditions.

2.3 Results
For each test performed, different variables (mooring loads, movements, pressures and environmental
loads, such as wind or wave) were recorded to analyse the hydrodynamic and aerodynamic response of
the FOWT.
During the tests, in order to achieve an accurate set of data for post-processing, an intensive follow-up was
carried out by IFREMER personnel. To date, raw data out put seems to provide valuable data for the
analysis.

2.4 Analysis & Conclusions
2.1.6

Characterization tests

Decay tests were run for different scenarios in the 6 Degrees Of Freedom:




Free decay tests: surge, sway, heave, roll, pitch, yaw
Moored decay tests (no wind): surge, sway, heave, roll pitch, yaw
Moored decay tests (with wind): surge, sway, heave, roll pitch, yaw

Figure 2‐7 Example of decay test

These tests were implemented to obtain the natural oscillation periods. As expected, the obtained results
are in accordance to those predicted by the numerical models, which means that the potential theory
estimation of the added mass is valid for the SATH concept. This phenomena had been verified in previous
tests. Additionally, these results will be used to analyse the linear and the quadratic damping coefficients
of the structure in scenarios of calm water.
Tilt tests were conducted using different heeling moments to induce pitch and roll motions. An induced
pitch motion is used for obtaining longitudinal metacentric height and induced roll motion is used for
obtaining transverse metacentric height.

Figure 2‐8 Tilt tests results

Static Offsets were conducted to obtain the stiffness of the mooring lines:

Figure 2‐9 Static offset tests results

The obtained results showed a good correlation between the expected and the obtained stiffness in the
mooring lines.

2.1.7

Wave tests

Wave tests (regular or irregular generation) or wave tests combined with wind are used to check the overall
performance of the FOWT: Time series of movements, nacelle accelerations, mooring system loads, heave
plate pressures, wind loads and free surface elevations have been recorded during each test carried out.
Regular wave tests
The regular wave tests are used to obtain the mean drift coefficients for SATH platform. The sets under
study include low, intermediate and high steep waves in order to analyse the behaviour for different

scenarios. The mentioned coefficients (Coeff = F/A2 ) are obtained through applying the Hooke’s Law –
F=Kx. Where:





F = mean drift force (N)
K = stiffness of the mooring (N/m)
X = mean displacement measured from the tests (m)
A= amplitude of the incident wave (m)

Figure 2‐10 Regular waves test time domain results

Irregular wave tests
The irregular wave tests are planned to study the slow drift motions of the platform. The Quadratic
Transfer Function Coefficients will be obtained for the performed sea states and later used to adjust the
numerical models.
The irregular wave tests results will be analysed through spectral analyses and through time domain
analyses.

Figure 2‐11 Irregular wave test frequency domain results

Figure 2‐12 Irregular wave test time domain results

A cross-bi-spectral analysis will be performed in order to identify the second order response of SATH.
In order to analyse the hydrodynamic response of the platform, these tests were planned without the
implementation of the wind turbine. This way the results correspond only to the hydrodynamic behaviour.
The duration of the tests is highly remarkable. In order to have an accurate set of data from these tests,
they should be about 3 hours testing full scale (30 minutes for this test campaign ; E=1/36). Due to some
physics limitations in the tank, 2 seeds of 15 minutes each were performed for every irregular sea state.
Irregular wave tests with wind
A set of irregular wave tests including wind have been also performed during the experiments. The
performed irregular tests correspond to the 50 years return period combination of Hs & Tp in Bimep site.

Figure 2‐13 Selection of sea states for irregular cases

3 Main Learning Outcomes
3.1 Progress Made
In general terms the awarded test campaign has been a success. The proposed test planning has been
entirely completed and Saitec Offshore is very satisfied with the collaboration of IFREMER. The campaign
has provided valuable information that allows to continue with the on-going optimization of SATH mooring
system for specific sites.

3.1.1 Progress Made: For This User-Group or Technology
While some of the obtained results are in accordance to what was expected based on previous
experiments that were already performed, others will be used to solve some of the specific points of the
design of SATH that allow for an optimization of the mooring system.
The expected results show a good agreement with the numerical models. Whilst the second order
response of the platform, which was one key point of the experiments, is still under study, some progress
is being done in this analysis. From the already available analyses, the steep dependency of the sea state in
the mean drift coefficients has been demonstrated.

Figure 3‐1 Mean wave drift coeff for different steepness

To date, the main conclusions show that there is a favourable non-linear effect in the response of SATH
concept. Regarding the mean drift coefficients, it has been observed that there is a big dependence in the
steepness of the sea state for the mean drift curves: the higher the steepness of the sea state is, the lower
is the coefficient of the mean drift. These data will be used to calibrate the numerical models leading to an
optimization of the mooring system.
Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?
The full QTF coefficient matrixes will be obtained from a cross-bi-spectral analysis. The numerical models
will be adjusted in order to simulate the real behaviour of the structure taking account for all the
phenomena that are not included in the background theories of the software.
Once these numerical models are accurately adjusted, the SATH mooring system optimization design will
be achieved through the available numerical models. The mooring lines stresses might be significantly
reduced for specific sites. As a consequence, all the auxiliary elements such as the fibre rope and chain
sections; anchors sizes; clump weights and buoyancy elements; installation requirements etc. can be also
reduced leading to a cost-effective solution.

3.1.2 Progress Made: For Marine Renewable Energy Industry
The experimental study of the second order response and the non-linear effects associated to marine
energy devices, can lead to a relevant optimization of the different systems (structure; turbine; mooring
system).
As it has been already demonstrated with SATH mooring system, the potential theories that are behind the
implemented numerical models, can sometimes lead to an overestimation of the output results (motions;
accelerations; hydrodynamic loads; mooring loads). As a consequence, the final design of this marine
renewable energy structures includes over-sizes concepts in which the cost plays a fundamental role. In
the case of SATH, this optimization applies for both, the mooring system and the floating structure.

3.2 Key Lessons Learned









Simplifications of the mooring system set-up are interesting in order to study the hydrodynamic
parameters of the structures. The uncertainties are reduced.
Regular wave tests should be implemented to study the mean drift coefficients of the marine
structures.
Irregular wave tests should be implemented to study the slow drift varying coefficients of the
marine structures.
The hydrodynamic parameters associated to the waves should be study without adding any extra
phenomena (currents or wind).
The reflexion effects from the tank basin should be studied in the interpretation of the results (for
the slow drift response study, these phenomena should be avoided). In this case, there were not
reflexion effects.
Potential theories associated to numerical models can sometimes lead to over-estimations of the
responses. This highlight the importance of adjusting the analytical tools with experimental results.
Cost effective solutions of marine renewable energy devices can be achieved through the
experimental study of the second order-response and the non-linear effects (optimization of the
systems).

4 Further Information
4.1 Scientific Publications
There are currently no plans to produce scientific publications based on the work described in this report.

4.2 Media
Website:
YouTube Link(s):
LinkedIn/Twitter/Facebook Links:
Online Photographs Link:

5 references

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
Scientific knowledge generated
Scientific knowledge generated
principles
underpinning hardware technology
underpinning basic properties of
observed and
concepts/applications.
software architecture and mathematical
reported.
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. Endto-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

Documented test
performance verifying
analytical predictions.

scenarios. Verification and Validation
(V&V) completed.
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

6.2 Any Other Appendices
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