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1 Introduction & Background
1.1 Introduction
The objective of this research work is to contribute to the deployment of offshore renewable energy (ORE)
multipurpose Semi-Submersible Platforms (SSP) that harvest energy from waves and wind with Wave Energy
Converters (WECs) and high rated power wind turbines.
The concept [1-2] is made up of a concentric array of point absorber WECs that is adapted to the SSP and passively
controlled to keep the platform pitch and roll motions within a specific range. It is expected that this range will be
narrow because as the turbine size increases with rated power, slight variations in the pitch and roll movements
are significantly amplified at elevated points which could lead to the mechanical interference between the turbine
blades and tower; eventually could even provoke structural damage of the blades, nacelle or generator. Thus, the
concept contributes to the deployment of bigger turbines by improving their dynamics; and contributes
economically by achieving lower Levelized Cost of Energy (LCoE) due to economies of scale.
Pitch control fully performed by adjusting the distribution of ballast water in the SSP may be problematic, because
it takes considerable time to move the correspondent huge quantities of water between the tanks. Thus, the wind
turbine might get out of the best performance conditions during longer periods of time and this situation becomes
more challenging for higher turbine power rates, since bigger SSPs and ballast water volumes are required.
However, the WEC array may provide an additional and faster SSP pitch and roll control response, and less ballast
displacements and energy to pump water between the SSP ballast tanks. Moreover, the WEC array may consume
its own harvested energy for the actuation, instead of the one from the grid while contributing to the overall
production of renewable energy.
In this concept the point absorber WECs are attached with long arms to the Power Take Off (PTO) located at the
SSP core. This approach uses the arms as levers to increase the restoring moments on the SSP, thus, more
capacity to counterbalance the heeling moments caused by the wind thrust on the wind turbine. These WECs are
also designed to be submerged in survival conditions while the PTOs are located in a dry zone.

1.2 Development So Far
A scale model has been tested in wave basin [3 – 5]; the obtained data has been used to validate a numerical
model [6]; and acquire knowledge to further improve the concept design. Some previous numerical results have
been relevant and brought important insights on the complex multibody dynamics of this concept, which ideally
are to be modelled including second-order and nonlinear effects. However, the mechanical coupling due to arms
and PTO already indicate strong design tradeoffs [7]:
-

Tradeoffs exist not only between dynamics and stability of the central platform – for instance the increase
on GM which also increases pitch acceleration, but between these and the energy being harvested by the
WECs – mainly because the energy absorbed is higher if WECs move more, but it is not possible to do this
for a generic frequency range without increasing the motions of the central platform as well.

-

The amount of WECs employed should not simply be optimized envisaging high operational performance,
but also compliance with the survival condition. The survivability analyses point to a maximum possible
amount of WECs, whereas if this limit is trespassed the platform becomes unstable in survival modes.

The previous experimental campaign did not include the study of the aerodynamic thrust effects on the model
(because the model was too complex at the hydrodynamic testing level), nor different amounts of WECs. It was
also the first time the team had the chance to perform tests in a basin and to acquire some experience and skills.
Thus, the research team went back to the basin facility in order to modify and test the model considering the
aerodynamic thrust effects on the turbine and the design tradeoffs, i.e. operational and survivability conditions
with different sets of WECs, PTO damping settings and WEC submerging approaches.

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
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
...
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.
…
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
…
Stage 5 – Multi-Device Demonstration
• Economic Feasibility/Profitability
• Multiple units performance
• Device array interactions
• Power supply interaction & quality
…



Status







1.2.2 Plan for This Access
The research plan is made of four main testing scenarios that are organized in order to provide a smoother learning
curve while achieving the project objectives. In the first scenario, a single WEC is tested to determine its
hydrodynamic behaviour at operational and survival conditions. Then in the second scenario, the tests are
performed with 6 WECs, one pair per each platform edge. The third and fourth scenarios are performed with three
and no WECs, respectively.
The WEC array scenarios are tested in presence of a wind turbine represented with a simple mast (simulating the
tower) and Lead block on top (simulating the mass of the turbine nacelle and blades) while the wind thrust on
the turbine is simulated by a mass-pulley system. The testing scenarios are summarized as follows:
•
•
•

•

Model, basin and sensors setup (1 day).
Single WEC testing (2 day) - operational and survival conditions. Fixed to the bridge.
WEC array testing - operational & survival conditions, floating model.
o Six-WEC array (3 days).
o Three-WEC array (3 days).
o No-WEC array (1 day).
Model removal, disassembly and packaging.

2 Outline of Work Carried Out
2.1 Test Plan
#
1
1.1
1.2
1.3
1.4
1.5
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.14
2.15
3
3.1
3.2
4.

Main tasks
SINGLE WEC
One WEC is removed from the model.
The WEC arm is fixed on the basin bridge.
The WEC Centre of Gravity (CG) and waterline are set.
Camera tags are fixed on the WEC.
Testing with different PTO damping configurations.
SIX-WEC ARRAY
The turbine, WECs & deck are removed from the model.
The model deck is prepared for the new WEC configuration.
6 WECs are installed on the model.
Camera tags are installed on the model deck and WECs.
The model is tested for leaks outside basin.
The mooring lines and load sensors are installed on the model.
The model is moved to the basin with a crane.
The ballast Leads are installed in the model.
The mooring lines are attached to the load cells.
The model CG and Centre of Buoyancy (CB) are set.
The model is tested for leaks inside the basin.
The WEC array is tested with different PTO damping configurations.
The simplified Wind Turbine (WT) is connected to the mass pulley system.
Testing with different masses configurations in the mass-pulley system.
THREE-WEC ARRAY
The model is prepared with the new WECs array configuration.
The tests are repeated as in section 2 of this table.
MODEL IS REMOVED FROM THE BASIN

The planned test runs are presented in Table 1.
Table 1 - Test runs per WEC configuration, sea and “wind” conditions.

Hyd. tests
Stability

Incl.

Regular
waves

0

2x2

2. SIX-WEC ARRAY

3x2

3. THREE-WEC ARRAY

4x2

WEC configuration
1. SINGLE WEC

Irregular waves

Survival

2 x 16

Wind
Thrust
OFF
2x6

Wind
Thrust
ON
0

Wind
Trust
OFF
0

Wind
Thrust
ON
0

3x4

2 x 16

2x6

2x5

1x1

0

73

4x4

7 x 16

6x6

7x5

0

0

207

Total

Runs
48

328

2.2 Setup
2.2.1 Days 1 and 2 - Single WEC testing
The model is checked for mechanical malfunctions and repaired. 12 WECs are removed, one of them is installed
in the basin bridge according to the configuration presented in Figs 1 and 2.

Wave Direction

Bridge of the
Basin
Dampers will be added here

X

X
Y

Z

θ

Larm

Z

Bridge of the Basin
Single buoy test

Figure 1. Single WEC setup.

Figure 2. WEC setup at the basin.

The remaining WECs are attached to the model according to the configuration presented in Fig. 3 and on each
one a pair of rotational dampers are attached (bidirectional damping setup, Fig. 4). The single WEC setup is also
provided with the bidirectional damping configuration and one camera tag in order to measure motions with the
tracking vision system (Qualisys Cameras).
The operational condition tests are performed on the single WEC, which includes two free decay tests, twelve
regular wave tests with Hs = 2.0 cm, Ti = 0.5 sec, Tf = 3.8 sec and ΔTp= 0.3 sec, four regular wave tests with
Hs = 4.0 cm, Ti = 2.9 sec, Tf = 3.8 sec, ΔTp= 0.3 sec and five irregular wave tests with Pierson-Moskowitz (PM)
spectrum, 240 sec duration, SS1 (6.25 cm, 1.27 sec), SS2 (7.39 cm, 1.39 sec), SS3 (8.44 cm, 1.49 sec), SS4 (9.65
cm, 1.6 sec) and SS5 (10.8 cm, 1.70 sec). One survival condition is tested with JONSWAP (JS) spectrum, Tp =
1.7 sec and Hs = 14.0 cm (γ = 3.3).

Wave Direction

Dampers will be added here
X

X

Z

θ
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Larm

Z

Y
Port

Starboard

Stern

Figure 3. Six-WEC array setup.

Figure 4. Bidirectional damping setup.

Heave plates are added to the bottom of platform’s lateral columns; then, the model is checked for leakages
outside the basin by filling up the ballast tanks. Ballast lead blocs are added to the bottom of the model in order
to adjust the model centre of gravity. The model is then moved into the basin and left there for a 15 hours wet
leakage testing (Fig. 5). The auxiliary equipment, such as the ballast feeding water pump, is prepared for the
upcoming tests. Meanwhile the single WEC device is tested with the same operational and survival conditions.

Figure 5. Model wet dry testing setup.

2.2.2 Days 3, 4 and 5 – Six WEC testing
No leakages are detected in the model, which is then moved to the best position for testing. It is moored to the
basin floor with three catenary chains, each one connected to one calibrated load cell (Fig. 6). The mooring is
light in weight, although it never gets fully stretched. Thus, it may be called soft mooring: we further checked
that damping ratios get only slightly increased after mooring connection, whereas natural periods are somewhat
modified, suggesting that the inclusion of an added stiffness matrix will be enough to model the mooring forces.
Then, malleable lead elements are attached on the top of the 2.0 m height mast with a total weight of 1.8 kg and
the cable of the mass-pulley system (Fig. 6). Both tower height and tower mass are simulating a 0.75 MW wind
turbine – the simulated wind thrust was evaluated for the same rated power.
Each mooring line includes a load cell to measure the forces associated with mooring. The same is done for the
line that connects the tower to the mass-pulley system that simulates wind thrust (see Figs 7 to 9). Camera tags
are attached in a t-section (6 DOF reference), which is fixed to the model deck, WEC arms and mast.
The model CG and CB are set by adding water in the model ballast tanks. Then the first operational condition
tests are performed: inclination tests in pitch and roll DOFs with incremental addition of standard masses (250,
500, 750, and 1000 gr), free decay tests in heave, roll, pitch and surge DOFs.
Three wave gauges are adjusted to the model location, respectively parallel with floaters in the bow, central
column of the SSP, and floaters in the stern.

Figure 6. Model final setup.

In order to meet the criteria for maximum pitch angle, the water ballast is then adjusted in each column of the
model in order to counteract the force exerted on the mast by these masses. Thus, the average pitch angle is
kept bellow five degrees in all operational test cases. The five irregular tests are repeated for a model configuration

without bidirectional dampers on the WECs in order to compare the hydrodynamic behaviour with and without
damping.
Y
X
Turbine Nozzle

X

Z

Pulley

Wind

Pulley

Wave
Direction

Catenary Mooring lines

Bridge

Figure 7. Configuration of the mass-pulley system.

The different masses used to simulate thrust are presented in Table 2, together with the wave and wind
conditions at different scales. The values indicated in the last column include the mass of the rope.

Table 2 – Scaled wave and wind conditions and mass-pulley settings.

SS

Nominal Wave Height (cm)

Nominal Wind Speed
(m/s)
Model
Prototype (Up)
(Um)
1.49
7.72

Model (Hsm)

Prototype (Hsp)

1

6.48

1.75

2

8.33

2.25

1.77

3

10.18

2.75

4

12.04

5

13.89

CT

F
(N)

M
(kg)

0.93

2.84

0.29

9.18

0.83

3.19

0.33

2.03

10.54

0.76

3.50

0.36

3.25

2.27

11.80

0.69

3.84

0.39

3.75

2.50

12.97

0.64

4.14

0.42

Figure 8. Pulley system (left) and load cell for measuring pulling force (right).

Figure 9. Pulley connected to the model mast in the stern side (force aligned with wave direction).

The mass-pulley system is disconnected from the model. The model is then tested without bidirectional dampers
and for twelve regular sea states with Hs = 2.0 cm and four regular states with Hs = 4.0 cm.
The model survival condition is simulated by adding 500 gr of lead ballast on the WECs, submerging and locking
them in the survival positions, as shown in Fig. 10. The buoys and arms are pushed down into the space
between the SSP columns.
Then, the WECs and deck are removed from the model in order to prepare the next testing phase dedicated to
the three-WEC array configuration (Fig. 11).

Figure 10. Water ballast of the WECs simulated with Leads.

Figure 11. Three-WEC array setup.

2.2.3 Days 6, 7 and 8 – Three and no WEC array testing
The same inclination, free decay, regular and irregular tests with the configuration presented in Figs 12 and 13
are performed. Different PTO damping settings are tested by assembling two pairs of bidirectional dampers in
each PTO (Fig. 14, right view) and then removing dampers until having no dampers in the PTO (2 pairs, 1 pair
and no pair of dampers). The model is connected to the thrust pulley system (Fig. 15) and the tests are repeated.
Then the WECs are removed from the model and the tests are repeated.

Wave
Direction

X
Y

Dampers will be added here
X
Bow
Z

θ

Port

Starboard
Larm

Stern

Figure 12. Three-WEC array setup.

Figure 13. Three-WEC array setup (cont.)

Z

Figure 14. PTO setup with one (left) and two (right) pairs of dampers respectively.
Y
Turbine Nozzle

X

Z

Pulley

Wind

Pulley

Wave
Direction

Catenary Mooring lines

Bridge

Figure 15. Configuration of the mass-pulley system.

2.2.4 Day 9 – Three WEC array testing (deck rotated by 180º)
The deck of the model (hexagonal part in Fig. 15) is rotated by 180º and three WECs are assembled, however
with one and two WECs located in the left and right sides, respectively. The tests are repeated with and without
attachment to the mass-pulley system. The model is then removed from the basin and left drying up until next
day. This configuration with one WEC in the stern (instead of one in the bow) showed some greenwater effects
on the stern WEC starting from sea state 4 until the survival condition.

2.2.5 Day 10 – Model disassembling and packing
The model is disassembled, packed and left in the laboratory. The collected data is received from the infrastructure
manager.

2.3 Results
2.3.1 Single WEC analysis
The single WEC configuration is tested in two different scenarios, with dampers (ON) and without dampers (OFF).
The main objective of these tests is to investigate the effect of PTO dampers on energy absorption and response
amplitude of the WEC oscillating body.
In the dampers ON scenario, three main standard hydrodynamic tests are performed, namely, free decay, regular
and irregular wave tests. The main objective of the free decay test is to evaluate the eigen period and damping

ratio of the WEC in heave motion, as presented in Fig. 16-1. The heave eigen period is about 0.37 sec and the
heave damping ratio is 26%.

1 - Heave free decay

2 - Generated regular waves (H = 4 cm, T = 3.2 s)

3 – Heave responses

4 – Heave RAOs at different periods and wave heights

5 – Heave response spectra at different sea states.

Figure 16. WECs with dampers ON - Free decay (1), regular (2-4) and irregular (5) wave tests.

The generated regular waves and corresponding heave response amplitudes are presented in Fig. 16 (2-4). These
results reveal some spurious values on the response (Fig. 16-3) that may appear due to the detection errors of
the camera tags attached to the WEC. More non-linear behaviour effects are expected from the generated waves
and the highly varying underwater geometry of the WEC oscillating body. Thus, accurate RAOs are determined by
discretizing the generated waves (wave gauge at 1 m away beside the WEC) and response amplitudes as single
signals and taking their average amplitudes (Fig. 16-5). Moreover, the WEC heave response spectrum related to
irregular wave tests is presented in Fig. 16-5 for all sea state conditions including the storm.

1 – Heave free decay

3 – Heave responses

2 - Generated regular waves (H = 4 cm, T = 3.2 s)

4 – Heave RAOs at different periods and wave heights

5 - Heave response spectra at different sea states (irregular wave tests)
Figure 17. WECs with dampers OFF - Free decay (1), regular (2-4) and irregular (5) wave tests.

The same tests are performed on the dampers OFF scenario and the results are presented in Fig. 17. A comparison
between the RAO curves (Fig. 16-4 and Fig. 17-4) shows that adding dampers to the WECs reduces their RAO of
heave motion. This observation proves the effective contribution of dampers in wave energy absorption. This
reduction reaches up to 12% in the case of 4 cm wave height.
The data is further analysed by taking the variance of the heaving velocities and accelerations and the heave
significant amplitude motions in order to provide a direct comparison between the two scenarios. The significant
amplitude (As) is determined with two methods. In the first one (M1), the amplitude of each single response is
measured and sorted from the highest to lowest and the average of one-third of highest values is calculated as
the significant amplitude motion. In the second one (M2), the significant amplitude of motion is determined by

2√𝑚0 , where 𝑚0 is the spectra area (Fig 17-5). The results are presented in Table 3 (M2 results presented in
parenthesis).
Table 3 - Variance of heave velocities and accelerations and significant heave response amplitude.

SS

Velocity (x 103 mm2/s4)

Acceleration (x 104 mm2/s6)

As (mm)

Damper ON

Damper OFF

Damper ON

Damper OFF

Damper ON

Damper OFF

1

1.85

2.53

5.15

6.83

26.59(17.23)

30.93(20.07)

2

2.36

3.01

6.14

7.81

31.05(20.10)

35.20(22.59)

3

3.00

3.70

7.46

9.18

35.38(23.22)

39.70(25.63)

4

3.65

4.38

8.59

10.27

39.70(26.33)

45.24(28.82)

5

4.35

5.29

9.82

12.00

44.30(29.45)

50.10(32.36)

Storm

5.65

7.22

12.02

15.50

51.65(34.47)

60.27(38.86)

The As results determined with the M1 method (Table 3) are always 50-55% higher than the M2 calculated ones,
which is the usual approximation for narrow-banded spectra representing linear Gaussian processes. Such an
increase holds true even for the considerably narrow-banded Storm response spectrum (Fig. 17-5), which leads
again to the plausibility that strong non-linear effects are already in action. However, both methods present the
same trend, the decreasing of As when changing from damper OFF to ON scenarios, which is 12.47% (M1) and
10.58% (M2), respectively. Thus, a considerable effect on the reduction of the WEC heave motions is achieved
when using dampers. This result also agrees with regular wave analysis and RAO of heave.
Thus, dampers are contributing to wave energy absorption and their effects on the hydrodynamic behaviour are
observed by an increase on the heave damping ratio and decrease of the eigen period. However, the WEC is
showing non-linear behaviour, especially at the most energetic irregular wave tests.

2.3.2 Six WEC analysis
The Damper ON and OFF tests are performed in two scenarios, i.e. wind thrust simulation ON and OFF. The same
hydrodynamic tests of the single-WEC analysis are performed plus some stability tests. The main objective of the
stability tests is to study the hydrostatic stability of the platform, drawing the GZ curve and obtaining the initial
transversal/longitudinal GM. In this regard, stability tests are performed in two directions, roll (starboard) and
pitch (aft). A set of 4 masses is used, 250, 500, 750, and 1000 gr.
The stability results are presented in Fig. 18 (1-2) for Dampers ON scenario. The pitch angle is slightly lower than
the roll one, because of some asymmetry in the SSP geometry; this is also a consequence of the smaller projected
lengths of the WEC arms in the roll direction. The initial GM in pitch and roll read 9.9 and 11.1 cm, respectively.
The free decay time series are shown in Fig. 18 (3-6). The eigen period of heave, roll, pitch and surge directions
read 3.35, 4.84, 5.28 and 16.05 sec, while their damping ratios are of 10.0%, 7.8%, 9.0% and 9.4%, respectively.

1 – Stability in roll direction

3 – Heave free decay

5 – Pitch free decay

2 – Stability in pitch direction

4 – Roll free decay

6 – Surge free decay

Figure 18. WECs with dampers ON – Stability (1-2) and free decay (3-6) tests.

The regular test results are presented in Fig. 19. The generated regular waves and the SSP heave responses are
steadier after 20 sec of simulation (Figs 19-1 and 19-2), but slightly less in pitch and surge cases (Figs 19-3 and
19-4). The RAOs of heave, surge, and pitch are presented in Figs 19-5 to 19-7. In all three cases the nonlinearities
are observed by comparing the RAOs for H = 2.0 cm and H = 4.0 cm. It is noticeable that the effects of
nonlinearities in surge motion is less that heave and pitch. It is also seen that, waves in some periods are generated

with imperfections in heights. For example, waves in T = 3.5 and T = 3.8 sec are generated with H = 1.56 cm
and H = 0.75 cm instead of 2.0 cm, respectively. It should be indicated that these imperfections are considered
in the calculation of the RAOs, but the nonlinearity analysis cannot be studied with high level of accuracy in regular
wave tests.

1 – Generated regular waves (H = 4 cm, T = 3.2 s)

2 – Heave responses

3 – Surge responses

4 – Pitch responses

5 – Heave RAOs at different periods and wave heights

6 - Surge RAOs at different periods and wave heights

Figure 19. WECs with dampers ON – Regular wave tests.

7 – Pitch RAOs at different periods and wave heights

Figure 19 (cont.). WECs with dampers ON – Regular wave tests.

The irregular wave test results are presented in Fig. 20 for the wind thrust OFF, Fig. 20 (1-4), and ON, Fig. 20 (58) scenarios, respectively. There is a strong transfer of energy from the wave energy band to the natural frequency
band as clearly shown in Figs 20 (1-2) and (5-6), whereas the wave energy is always centred between 3.7 and
5.0 rad/s (depending on sea state), but motion energy has two peaks, one at the wave band and another, usually
higher, at the natural frequency. This effect is mainly of second-order nature and is caused due to several SSP
columns crossing the free surface and the WECs. This effect is also verified in the SSP without WECs scenario as
explained in reference [6]. Figs 20 (3-4) and (7-8) present the irregular RAOs of heave and pitch. The plots show
the ratio between the significant amplitudes of motions and significant amplitude of waves calculated by inverse
Fourier transform of time series data. Fig. 20 (9-10) also shows that the SSP constant pitch inclination (at a
constant thrust force acting on the wind turbine) is always located below the maximum one (5º) for all sea states.
The variances of heave and pitch velocities and accelerations for wind thrust OFF and ON scenarios are presented
in Tables 4 and 5.
Table 4 – Variance of heave velocities and accelerations (Damper ON).

SS
1

Velocity (mm2/s4)
Wind thrust ON
Wind thrust OFF
10.94
8.45

Acceleration (mm2/s6)
Wind thrust ON
Wind thrust OFF
46.56
41.58

2

13.80

16.5

67.46

77.48

3

19.10

21.74

84.67

114.20

4

25.63

29.51

105.03

165.45

5

32.76

38.18

131.30

222.87

Storm

50.26

---

199.32

---

Table 5 – Variance of pitch velocities and accelerations (Damper ON).

SS
1

Velocity (mm2/s4)
Wind thrust ON
Wind thrust OFF
0.12
0.21

Acceleration (mm2/s6)
Wind thrust ON
Wind thrust OFF
7.2
8.81

2

0.26

0.15

9.13

8.02

3

0.29

0.21

8.85

9.42

4

0.30

0.27

8.00

9.29

5

0.35

0.37

8.74

10.35

Storm

0.45

---

8.74

---

1 - Heave response spectra at different sea states.

2 – Pitch response spectra at different sea states.

3 - Irregular heave RAO at different sea states

4- Irregular pitch RAO at different sea states

5 - Heave response spectra at different sea states.

6 – Pitch response spectra at different sea states.

Figure 20. WECs with dampers ON – Irregular wave tests of wind thrust OFF (1-4) and wind thrust ON (5-10).

7 – Irregular heave RAO at different sea states

8- Irregular pitch RAO at different sea states

9 – Constant pitch angle at different wave periods.

10 – Constant pitch angle at different pulley masses.

Figure 20 (cont.). WECs with dampers ON – Irregular wave tests of wind thrust OFF (1-4) and wind thrust ON (5-10).

Now, the results in Damper OFF testing scenario will be presented (in the same order as in Damper ON).
The heave, pitch and free decay results are presented in Fig. 21 (1–3). The heave, pitch and surge eigen periods
read 3.60, 6.41 and 16.0 sec while their damping ratios are 10%, 10% and 11%, respectively. These results are
compared with the ones obtained in the Damper ON scenario, as presented in Table 6. The same table shows a
reduction on the heave and pitch eigen periods and pitch damping ratio caused by the addition of dampers. Even
though all tests were performed, the roll series in damper OFF condition were very unfortunately not registered.
Table 6 – Comparison of eigen periods and damping ratios of damper ON and OFF scenarios.

DoF
Heave

Eigen period (s)
Damper OFF
Damper ON
3.60
3.35

Damping ratio (%)
Damper OFF
Damper ON
10.00
10.00

Roll

4.84

---

7.80

---

Pitch

5.28

6.41

9.00

10.00

Surge

16.05

16.00

9.40

11.00

The regular test results are presented in Figs 22 (1–4). The SSP heave responses are steadier after 20 sec of
simulation (Fig. 22–2) while it takes more time to settle down in surge (30 sec) and pitch (70 sec) response cases.
The last case is the one that presents more non-linearities on the data. Moreover, Figs 22–5 and 22–6 are showing
respectively higher RAOs in damper OFF scenario compared to damper ON scenario shown in Figs 19–5 and 19–
6. This comparison shows the positive effect of dampers in reducing the response amplitude of heave and surge.
Regarding the higher level of uncertainty observed in the pitch results in this scenario, more studies in the accuracy
of the results are required and further results on comparison of pitch RAOs (between damper ON and damper
OFF cases) will be performed.

1 – Heave free decay

2 – Pitch free decay

3 – Surge free decay

Figure 21. WECs with dampers OFF – Free decay (1-3) and regular wave (3-6) tests.

The irregular wave test results are presented in Fig. 23 for the wind thrust ON and OFF scenarios, respectively.
The SSP constant pitch inclination at the wind trust OFF scenario (Figs 23–9 and 23–10) is always below the
absolute maximum (5º) for all sea states. These inclinations are always higher than the ones in the Damper ON
case (Fig 20).
The direct comparison of the Damper ON and OFF scenarios at Wind Thrust OFF (Tables 7 and 8) and Wind Thrust
ON (Tables 9 and 10) situations is performed with the significant amplitude (As). The storm condition is not tested
in the Wind Thrust ON case, because the wind turbine is not going to operate in this scenario.

1 - Generated regular waves (H = 4 cm, T = 3.2 s)

2 – Heave responses

3 – Surge response

4 – Pitch response

5 – Heave RAOs at different periods and wave heights

6 – Surge RAOs at different periods and wave heights

Figure 22. WECs with dampers OFF – regular wave tests.

The results reveal that heave As (Wind Thrust OFF) is decreased by 30% (SS = 5) to 43% (SS = 1) and 31% (SS
= 5) to 40% (SS = 1), considering M1 and M2 methods, respectively (see Table 7). Thus, also in this case a
considerable effect on the reduction of the WEC heave motions is achieved when using dampers. However, the

effect of dampers on the SSP pitch motions is quite diverse and varies between 6% increase to 20% decrease, in
the M2 approach, and a continuous increase in the M1 one (Table 8). Nevertheless, M2 provides better estimates
on the energy of motion, due to the observed nonlinearities in M1. Therefore, the SSP pitch motions may be
reduced until 20% when using dampers.

1 - Heave response spectra at different sea states

2 – Pitch response spectra at different sea states

3 - Irregular heave RAO at different sea states

4 - Irregular pitch RAO at different sea states

5 - Heave response spectra at different sea states

6 – Pitch response spectra at different sea states

Figure 23. WECs with dampers OFF – Irregular wave tests of wind thrust OFF (1-4) and wind thrust ON (5-10).

7 - Irregular heave RAO at different sea states

8 - Irregular pitch RAO at different sea states

9 – Constant pitch angle at different wave periods

10 – Constant pitch angle at different pulley masses.

Figure 23 (cont.). WECs with dampers OFF – Irregular wave tests of wind thrust OFF (1-4) and wind thrust ON (5-10).

The results also reveal that heave As (wind thrust ON) is reduced around 17% in the Damper ON situation (Table
9). However, it increases by 8% (M1) and 3% (M2) at the lowest sea state (SS = 1). On the other hand, the pitch
As decreases with the addition of dampers in all sea states (Table 2.14). The maximum reduction on the pitch As
is verified at SS = 4 by 16% (M1) and 21.5% (M2).
In general, as revealed by a cross comparison made between Tables 7 to 10, the variances of heave and pitch
velocities and accelerations increase when the wind thrust simulator is ON while the correspondent As (M2)
decreases. This happens because, in general, the wind thrust simulator absorbs energy from the system and
delivers some of this energy at higher frequencies. The result is then less motions (absolute displacements) but
higher accelerations, which if not minimized could damage the structural integrity of the nacelle and generator.
To evaluate the effect of the dampers on heave and pitch motion of the SSP in wind thrust OFF condition, Figs 23
(3-4) can be compared with Figs 20 (3-4). This comparison shows that both motions are decreased after adding
dampers to the WECs. In addition, in wind thrust ON condition, the same pattern is observed by comparing Figs
23 (7-8) with Figs 20 (7-8). In case of heave, the results of irregular wave RAO agree with the regular wave RAO
results. Considering that the range of periods tested for irregular waves (SS1 to SS5) are related with different
operational modes of the WEC, two important notes can be extracted from these results.
1- The general variation of heave and pitch amplitudes in WEC operational mode is smooth. These smooth
curves show that the platform has an overall moderate behaviour in the WEC productive sea states.
2- Adding dampers to the WEC (putting WECs in the power absorption mode) can improve the operability of
the platform by lowering the significant amplitudes of motions.

Table 7 – Variance of heave velocities and accelerations and significant heave amplitude (wind thrust OFF).

SS

Velocity (mm2/s4)

Acceleration (mm2/s6)

As (mm)

Damper ON

Damper OFF

Damper ON

Damper OFF

Damper ON

Damper OFF

1

8.45

19.62

41.58

83.37

4.61(3.43)

8.13(5.65)

2

13.80

30.10

67.46

123.02

6.02(4.31)

10.22(6.91)

3

19.10

41.31

84.67

163.42

7.15(5.07)

11.77(8.05)

4

25.63

54.41

105.03

209.36

8.48(5.84)

13.57(9.15)

5

32.76

66.19

131.30

248.78

9.44(6.60)

14.63(10.01)

Storm

50.26

95.50

199.32

358.78

11.84(8.08)

16.90(11.68)

Table 8 – Variance of pitch velocities and accelerations and significant pitch amplitude (wind thrust OFF).

SS

Velocity (deg2/s4)

Acceleration (deg2/s6)

As (º)

Damper ON

Damper OFF

Damper ON

Damper OFF

Damper ON

Damper OFF

1

0.21

0.21

8.81

10.77

0.31(0.50)

0.22(0.47)

2

0.26

0.28

9.13

12.16

0.43(0.61)

0.30(0.63)

3

0.29

0.34

8.85

12.12

0.51(0.69)

0.37(0.77)

4

0.30

0.39

8.00

11.16

0.54(0.69)

0.45(0.90)

5

0.35

0.47

8.74

11.69

0.63(0.74)

0.51(1.01)

Storm

0.45

0.55

8.74

11.80

0.76(0.92)

0.67(1.14)

Table 9 – Variance of heave velocities and accelerations and significant heave amplitude (wind thrust ON).

SS

Velocity (mm2/s4)

Acceleration (mm2/s6)

As (mm)

Damper ON

Damper OFF

Damper ON

Damper OFF

Damper ON

Damper OFF

1

10.94

10.57

46.56

54.67

5.84(4.00)

5.38(3.87)

2

16.50

18.60

77.48

97.74

6.77(4.77)

6.95(5.13)

3

21.74

27.39

114.20

154.10

7.60(5.34)

8.09(6.21)

4

29.51

39.40

165.45

220.62

8.29(6.16)

9.97(7.46)

5

38.18

50.86

222.87

228.12

9.28(6.98)

9.28(6.98)

Table 10 – Variance of pitch velocities and accelerations and significant pitch amplitude (wind thrust ON).

SS

Velocity (deg2/s4)

Acceleration (deg2/s6)

As (º)

Damper ON

Damper OFF

Damper ON

Damper OFF

Damper ON

Damper OFF

1

0.12

0.17

7.2

10.20

0.26(0.27)

0.27(0.30)

2

0.15

0.22

8.02

10.93

0.42(0.38)

0.49(0.47)

3

0.21

0.32

9.42

14.03

0.62(0.54)

0.64(0.64)

4

0.27

0.41

9.29

14.12

0.84(0.66)

1.00(0.84)

5

0.37

0.52

10.35

14.64

1.08(0.81)

1.18(1.01)

The results of the SPP survival and storm condition (arms down) tests are presented in Fig. 24. The heave, roll,
pitch and surge eigen periods are 3.88, 5.56, 5.60 and 25.0 sec, the ones obtained from the operational conditions
and are presented in Table 11.

1 – Heave free decay

2 – Roll free decay

3 – Pitch free decay

4 – Surge free decay

5 – Heave response spectra

6 – Pitch response spectra

Figure 24. Submerged WECs – tests at survival conditions (1 - 4) and irregular wave tests at storm conditions (5-6).

The results presented in Table 11 show that surge motions are strongly affected by the survival conditions (56%
increase in natural period and 45% increase in damping ratio). Thus, it shows a positive contribution of the
submerged WECs on the SSP surge motions. Moreover, the heave, roll and pitch eigen periods are increased by
16%, 15% and 6.1%, respectively. Thus, indicating a more tender behaviour of the survival condition. On the

other hand, the heave damping ratio shows a slight increase, mainly because of the contribution of the submerged
buoys on the SSP vertical damping, while the roll and pitch damping ratios have slight decreases. Therefore, the
submerged WECs have also an important effect on the damping of roll and pitch motions.
Meanwhile, more insights about the SSP hydrodynamic behaviour at storm conditions may be collected by
comparing them with the operational condition results, as presented in Tables 12 and 13.
Table 11 – Comparison of eigen periods and damping ratios (Damper ON and OFF scenarios).

DoF
Damper ON

Eigen period (s)
Damper OFF

Damping ratio (%)
Damper OFF
Damper ON
10.00
10.00

Survival

Survival

Heave

3.35

3.6

3.88

10.40

Roll

4.84

---

5.56

7.80

---

6.70

Pitch

5.28

6.41

5.60

9.00

10.00

6.50

Surge

16.05

16.00

25.00

9.40

11.00

13.70

The SSP heave significant amplitude (As) is increased by 54% (M1) and 56% (M2) when comparing operational
and survival results in Table 12. This increment is also verified by comparing the heave response spectrums at
operational (Figs 20-1 and 23-1) and storm conditions (Fig. 24-5).
Table 12 – Variance of heave velocities and accelerations and significant heave amplitude.

Velocity (mm2/s4)
Survival
Damper
Storm

ON

OFF

50.26

95.9

142.78

Acceleration (mm2/s6)
Damper

As (mm)

Survival

ON

OFF

199.3

358.8

575.3

Damper

Survival

ON

OFF

11.84(8.08)

16.90(11.68)

18.21(12.6)

The SSP pitch significant amplitude (As) is increased by 51% (M1) and 7.6% (M2) when comparing operational
and survival results in Table 13. Different results are presented from the two methods, however M2 gives more
realistic results. This is verified by comparing the pitch response spectrums at operational (Figs 20-2 and 23-2)
and storm conditions (Fig. 24-6).
Table 13 – Variance of pitch velocities and accelerations and significant pitch amplitude.

Velocity (Deg2/s4)
Survival
Damper
Storm

ON

OFF

0.45

0.55

0.31

Acceleration (Deg2/s6)
Damper
ON

OFF

8.74

11.80

As (º)

Survival
0.90

Damper

Survival

ON

OFF

0.76(0.92)

0.67(1.14)

1.15(0.85)

2.4 Conclusions
The utilization of WECs attached to the SSP has considerable effects on the dynamic behaviour of the platform,
whereas both hydrodynamic coupling and mechanical coupling are into action, whereas the mechanical coupling
can be divided into a hinged-arm effect and a PTO effect. In particular, the utilization of PTO damping at
operational conditions provides SSP with better operability than the hybrid system without PTO damping. This
conclusion is proved in free decay tests, regular (by comparing the RAOs of heave and surge) and irregular wave
tests (by comparing response spectrums, RAOs, and significant amplitudes). On the other hand, only the extreme
peaks of response of heave and pitch could be higher in damper OFF condition, which is proved by using method
M1 in the irregular wave series. Also, the results show that the acceleration of SSP motions decreases after adding
dampers to the WECs.
By comparing the results with wind thrust ON and OFF, it can be seen that the inclusion of thrust is very important
to not wrongly estimate the motions. For instance, the absolute displacements of pitch motion are usually
overestimated in thrust OFF condition, whereas the pitch accelerations of pitch are usually underestimated. A
detailed analysis of the motions at the nacelle still need to be performed, for the accelerations at the nacelle height
must be kept at lower values.
By comparing the results of this report with Reference [6] (where the same platform was numerically and
experimentally studied, however with no WECs attached to it), it can be seen that the behaviour of platform pitch
motion was improved. It is important to mention that different ballast strategies were considered, whereas the
new platform has an improved mass distribution. Thus, whether and how the improvement in pitch is also a
consequence of the WECs-connection is currently under investigation.
In addition, the utilization of submerged WECs in the survival mode has a positive effect in surge and pitch
motions, but negative in heave. The survival strategy of lowering the arms is seen as a feasible solution for heavy
storms and was checked as an actual solution for SSP survivability in the hydrodynamic point of view.
As revealed by previous numerical analysis [7], PTO stiffness should be tested together with the damping in order
to better control the platform, whereas the spring effect certainly increases the GM of the central platform. Ideally,
PTO damping and spring effects are to be optimized in order to minimize motions and accelerations, while still
providing energy to the control system by harvesting it from the waves. For the test campaigns however, the PTO
stiffness and damping settings are of passive-type and can only be optimized with specific environmental
conditions in mind. Future research work will be dedicated to the inclusion of PTO stiffness to the
model/experimental setup; and a more refined numerical optimization which will achieve better PTO parameters
and WEC arrangements.

3 Main Learning Outcomes
3.1 Progress made
3.1.1 For This User-Group or Technology
The user-group has now a better understanding of the effects on the SSP hydrodynamic behavior caused
by the wind thrust at the turbine, different WEC arrangements and PTO damping configurations. The PTO
damping is now studied with a bidirectional cell, which is more realistic and achieves better performance.
Moreover, the submerged WECs solution has presented positive and even unexpected effects on the SSP
hydrodynamic behavior.
Thus, the team had the opportunity to articulate its expectations with the experimental results and is now
taking important design decisions. The concept is converging to an arrangement with smaller amount of
WECs, but bigger in size. The platform should be adapted to a tripod geometry, and WEC arrangement
should include six or three floaters (also depending on the level of system redundancy), with about 10.0
m real scale radius.
It was also discovered that the wind thrust has contradicting effects on the SSP hydrodynamic behavior.
The platform is more stable however have more pitch oscillations and accelerations that may undermine
the structural integrity of the turbine nacelle and generator. The later may be minimized by adding the
stiffness element on the PTOs passive control. This approach was not included in the test plan because
would increase the duration of the tests and the complexity of the tests and data analysis.

3.1.2 For Marine Renewable Energy Industry
The successful deployment of offshore renewable energy technologies is related to the price of electricity,
known as the LCOE. Thus, industry is targeting big offshore floating platforms with high power rated wind
turbines, up to 20 MW. However, this ambition brings critical technical challenges related to the size of
those turbines and the supporting platforms. They are not so easy to manufacture in a dry deck and the
pitch motions of those platforms will be amplified at the nacelle level due to high tower lengths, thus
undermining the structural integrity of the nacelle and generator, not to mention mechanical and
destructive interferences between the turbine blades and tower. Moreover, the control of the platform
pitch will be problematic if based only on the active distribution of water ballast within the SSP, because
of the huge involved water volumes and the energy and time spent on moving it. The response of the
control system will be also slower, and the wind turbine may work outside the optimal performance
conditions for prolonged time periods. However, the proposed concept might help in solving or minimizing
all these issues, by increasing the dynamic response of the pitch control system while taking advantage of
the energy harvested from the waves.

3.2

Key Lessons Learned

The lessons learned are also advices for researchers that have limited resources to build up a prototype
and carry it to the research infrastructure, because these activities are not supported by Marinet2.
•

•

The applicants should evaluate if they have enough human, skills, experience, facility and financial
resources at their hosting institution to build up the prototype. The prototype scale may be adapted
in order to fit in the budget, however this should be discussed with the infrastructure manager in order
to have feedback as regards to the limitations of the wave basin.
A research chronogram should be created with the following tasks (adapted to the present case study)
organized in five main groups: Planning and warm up (infrastructure access planning, organization of
research materials and hydrodynamic modelling), Design for manufacturing (model deck and
submerged structure, hydrodynamic analysis), Construction (building and testing of the model deck

•

•

•
•

•

and submerged structure), Tests and Dissemination (paper preparation and submission, post-access
report).
The logistical issues are so important as the prototype construction phase. The team should be
prepared to change the prototype design in face of limitations, such as available materials and parts,
equipment and tools, transportation, not to mention the budget. However, this should be made without
undermining the main research objectives the team want to study.
Pay special attention to prototype transportation, especially if travelling for long distances, because
the prototype may arrive at the research facility already damaged, and some test days are spent in
repairing it, in the best case scenario. So, the prototype should be designed to be robust and easily
repaired. Thus, it is advisable to carry some extra parts and materials.
The prototype construction should include materials, such as polyurethane and silicone, in order to
protect the prototype from water leakages.
The prototype setup phase may take more time than the planned one. It depends on the skills and
experience of the visiting team, prototype damage, leakages, etc. So, the team should be patient and
hard worker. However, this phase will pay off the effort during the testing phase and is gratifying, in
particular for beginners.
The facility research staff may help a lot, so pay attention to their advices.
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Further Information
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Scientific Publications

•
•
•
•
•
•
•
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Gaspar, J.F., Kamarlouei, M., Hallak, T.S., Guedes Soares, C., 2019. Wave Energy Converters
Concentric Array Adaptable to Offshore Multipurpose Floating Platforms. MIT Portugal 2019 Annual
Conference, September 30th, Ponta Delgada.
Kamarlouei, M., Gaspar, J. F., Calvário, M., Hallak, T.S., Mendes, M. J. G. C., Thiebaut, F., Guedes
Soares, C., 2019 [Submitted]. Experimental analysis of wave energy converters concentrically
attached on a floating offshore platform. Renewables Energy.
Kamarlouei, M., …, Guedes Soares, C. 2019 [In preparation]. On the experimental study of
interactions between WEC array and floating offshore platform, benchmarking of array shapes.
Special issue on Wave Energy Utilization. Applied Ocean Research.
Hallak, T. S., …, Guedes Soares, C. 2019 [planned]. Systematic Study for the Numerical Calibration
of a Hybrid Wind-Wave Platform. Applied Ocean Research.
Gaspar, J. F., …, Guedes Soares, C. 2020 [planned]. Study of the dynamic behaviour of a hybrid
Wind-Wave platform concept with different wave energy converter array setups. Renew 2020.
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adapted to offshore floating platforms. Renew 2020.
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Appendices

6.1

Mass-Pulley thrust system

The mass-pulley system is a cost effective and simple approach to simulate the dominating wind thrust on
the WT, mostly at early stage testing (lower TRL) where the motions of the floating platform are initially
determined. However, the thrust force is considered as constant over each test, and so, does not reflect
the time varying nature of the wind resource (loading conditions).
In this method, the pulley system is generally composed of one or two frictionless pulleys fixed to the
bridge or wall of the wave tank. These pulleys should have the minimum mass and inertia in order to
reduce any damping of the load. A non-elastic wire is attached to the WT nacelle and is extended
horizontally (it is supposed to be perpendicular to the gravity vector, 𝑔⃗) back and passed through the
pulley system to suspend vertically with a hanging mass. The wire must be chosen to have a sufficiently
low density as to avoid any slack and thus variances in the modelled thrust force. The pulley diameter is
also an important factor to consider. Bigger pulley diameters should be selected, especially when using
small masses.
The force applied on the WT nacelle is defined as:
𝐹𝑝 = (𝑚(𝑔 + 𝑎. 𝑒2 ) +

𝐼𝑧𝑧 𝑎.𝑒2
𝑅𝑝2

) 𝑒2

(1)

with the assumption that the pulley wheel is always oriented in the vertical plane (parallel to 𝑔⃗) through
the wire and runs without any friction and where m is the pulling mass, a is the acceleration vector at the
turbine nacelle, Izz is the rotational inertia of the wheel, Rp is the wheel radius and e2 is the normalized
vector in the pulling wire's direction. The pulling mass is selected to provide the Froude-scaled mean thrust
force at the chosen wind conditions and is determined by considering the Fp as equal to the turbine thrust
force

6.2

Wind turbine thrust force

The thrust force shown in Fig 25 may be determined with three different methods. In the first one the
turbine rotor is considered as a rotating propeller. In this method the thrust coefficient and the advanced
rotation of the rotor blade should be determined using numerical or experimental studies. In the second
one, the turbine is considered as a rotating flat and circular plate while the drag coefficient is calculated
based on rotating disk theory. In the third method the propeller thrust coefficient is derived by an
approximation based on the wind spectrum. This is the most used and recommended to determine the
thrust force defined as [1]:
1

𝐹𝑇 = 2 𝐶𝑇 𝜌𝐴𝑅 𝑈 2

(2)

where U is the wind speed, AR is the rotor swept (projected) area and CT is the thrust coefﬁcient, which
depends on the mean wind speed. The thrust coefﬁcient is determined with the blade element momentum
(BEM) theory. However, as demonstrated by Frohboese and Schmuck [1], a conservative and relatively
accurate approximation for most OWTs in the specific wind speed range, may be used as follows:
𝐶𝑇 =

̅ −3.5)
3.5×(2𝑈
̅2
𝑈

7

≈ 𝑈̅

(3)

̅ is the wind average speed estimated with Fig. 26.
where 𝑈
The wind turbine main characteristics are 25 m rotor diameter, 4 m/s cut-in wind speed, 13.2 m/s rated
wind speed, 24 m/s cut-out wind speed and 60 m/s survival wind speed.

U

FT

Figure 25. The wind thrust acting on the turbine nozzle.
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6.3

Scaling factor

This research work requires the use of Froude and Reynolds scaling laws. The Froude law that is broadly
used in the study of offshore devices is presented in Table 14 for a 1:27 model scale.
Table 14 - Model variables and scale ratios

Variable

Model scale λ = FS/M = 27
Dimensions
Units
Scale Ratio

Multiplier

Length

L

m

λ

2.70E+01

Mass

M

kg

λ3

1.97E+04

Angle

None

rad

1

1.00E+00

Acceleration

L/T2

m/s2

1

1.00E+00

Angular Acc.

1/T2

1/s2

λ-1

3.70E-02

Angular Velocity

1/T

1/s

√λ-1

1.92E-01

Force

M×L/T2

Kg × m/s2

λ3

1.97E+04

Wave Height

L

m

λ

2.70E+01

Wave Period

T

s

√λ

5.20E+00

Velocity

L/T

m/s

√λ

5.20E+00

Moment of Inertia

M×L2

kg×m2

λ5

1.43E+07

Moreover, Reynolds scaling is the standard for testing aerodynamic models. The lift and drag coefficients
of a wind turbine blade are very sensitive to the Reynolds number. The Reynolds number is defined as the
ratio of inertial forces to viscous forces in a flow and is defined as:
𝑅𝑒 =

𝜌𝐿3 𝑉

1

𝑇

𝜈𝜌𝑉𝐿

=

𝑉𝐿
𝜈

(4)

where V is the forward object speed, L is the object length and 𝜈 is the kinematic viscosity. The Reynolds
number is important in fluid systems because qualitatively, flow over a body acts similarly for identical
Reynolds numbers.
The application of the Froude scaling on the Reynolds number gives:
3

(𝑅𝑒 )𝑚 = (𝑅𝑒 )𝑝 𝜆−2

(5)

However, a modified air-scaling approach must be used when the generated air velocities are so small
that are easily perturbed by the environment (due to small model scales and limitations on the wind
generator). The modified scaling equation is:
𝑈𝑎𝑝
𝑈𝑎𝑚

=

√𝜆
𝛽

(6)

where Uap is the air speed at prototype scale, Uam is the air speed at model scale, 𝜆 is the scale ratio, and
𝛽 is a free parameter. For 𝛽 = 1, the strict Froude scaling is achieved, while 𝛽 > 1 leads to larger model
scale velocities than Froude scaling.
Wind speeds are calculated based on Figure 27 and scaled using strict Froude scaling presented in Equation
6. Then, CT is calculated using Equation 3 and thrust force is calculated based on Equation 2.

6.4

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
1

Definition
Basic principles
observed and
reported.

Hardware Description
Scientific knowledge generated
underpinning hardware technology
concepts/applications.

Software Description
Scientific knowledge generated underpinning
basic properties of software architecture and
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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