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Abstract—PLAT-O (Platform for Ocean Energy) is a taut 

moored, buoyant, subsea reaction sub-system, which acts as a 

support structure for Tidal Energy Converters (TECs).  

A comprehensive series of tests was undertaken in the water 

circulation channel at IFREMER on a three-buoyancy-

module/dual-turbine model. The dynamic response of the device 

was measured in a wide range of flow velocities, wave conditions 

(with/against current) and turbulence levels.  

The main outcome of this experimental campaign has been the 

clear influence of the mooring geometry on the motion response, 

and more precisely a greater understanding of the levels of pre-

tension required in the mooring lines to minimise motion to 

acceptable levels.  

By carefully distributing the hydrostatic loads due to the net 

buoyancy of the device and the dynamic loads created by the 

drag of the device and the thrust generated by the turbines, it is 

possible to substantially reduce the motion response of the device 

under a wide range of combined current and wave scenarios with 

obvious benefits. The load cycles on the mooring lines and 

particularly shock loads or “snatching” can be significantly 

decreased, reducing the risk of failure and increasing the lifetime 

of the mooring components. The turbines operate on a stable 

platform without suffering the effects of motion-induced flow 

particle velocity variations on the blades. 
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I. INTRODUCTION 

The tests were carried out in the IFREMER water circulation 

channel in Boulogne-sur-mer, Pas-de-Calais, France, and were 

split into two sessions in November (week 1) and December 

2012 (week 2). 

A 1:12 scale model of a 250 kW device was tested over a total 

of 383 tests in current only, regular wave only, and combined 

current and regular waves (with and against current).  
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Some direct hydrodynamic drag measurements on the 

platform (with and without turbines) were performed using a 

single tow line while the ―operational‖ tests were conducted in 

different moored configurations (Fig.1, Fig.2). The mooring 

system is composed of four lines; the upper mooring lines 

connect the buoyancy chambers to the lower mooring lines 

forming the primary mooring lines, which are directly 

attached on the floor using a frame bolted onto the tank. 

 

 

Fig.1 20 degrees mooring configuration 

 

 

Fig.2 30 degrees mooring configuration 

 

Several tests were conducted for a range of flow velocity, 

turbulence intensity, wave amplitude/period (with/against 

current) and turbine speed. Tests where the turbines were 

operating at different speeds were also performed, as well as 

accidental failure tests, in which either an upper or lower 

mooring line, or both, parted. 

During the operational tests, several quantities were recorded, 

such as mooring line tensions, turbine speed/torque, wave 

elevation and, using a motion capture system, the translations 

and rotations of the model (Fig.3).  

To utilise existing, fully instrumented, nacelles, the turbines 

speed was controlled via a motor and braking module. 

Although turbines to be connected to a generator would 

ideally be used, the use of driven turbines was deemed to be 

appropriate for a first experimental assessment of the concept, 

as long the freewheeling speed was not exceeded. This was 

achieved through the monitoring of the turbines torque signals. 

 

 

 
Fig.3 Motion Capture System 

II. HYDRODYNAMIC DRAG TESTS 

To simplify the measurement of the drag on the model, the 

model was placed at a set depth using a vertical tether and 

connected to a load cell on a single horizontal tow line. The 

tests were undertaken with and without the turbines, and run 

at a range of flow velocities from 0.25 to 1.3 m/sec. Fig.4 

shows the increase in drag with the flow velocity and the 

respective contributions of the frame and turbines. It can be 

seen that even with the turbines at rest, the contribution of the 

turbines is very significant compared to the support structure. 

 

 

Fig.4 PLAT-O drag tests 

III. 20°MOORING CONFIGURATION WITHOUT UPPER MOORING 

LINES TENSION CONTROL (WEEK 1) 

A. Test Set-up 

The second series of tests were conducted using an 

operational setup, with four mooring lines attached at the 

bottom of the tank, at an angle of approximately 20° to the 

horizontal. The upper lines were not pre-tensioned and were 

attached to the lower mooring lines. The line tension induced 

by the net buoyancy was distributed amongst the lower lines 

only in the static case, with neither current nor waves. The 

tests included a series of runs with current only at a range of 

flow rates, from 0.25 m/sec up to 1 m/sec, and with waves, 

both with and in the opposite direction to the current, over a 

range of amplitudes and frequencies. The quantities recorded 

were the tension in the four mooring lines (at the intersection 



of upper and lower lines, Fig.5), turbine speed/torque, nacelle 

temperature, and the motions of the device, i.e. surge, sway, 

heave, roll, pitch and yaw. 

 

 

Fig.5 Tension load cell (x4) mounted at intersection of upper and lower 

mooring lines (week 1) 

IV. 20° - 30°MOORING CONFIGURATION WITH UPPER MOORING 

LINES TENSION CONTROL (WEEK 2) 

A. Test Set-up 

Based on the findings of week 1, a more advanced 

configuration was adopted which enabled pre-tension due to 

buoyancy to be distributed between the upper and lower 

mooring lines and to vary the angle of the lower moorings 

lines from 20 to 30 degrees. The four load cells were no 

longer mounted at the intersection of the upper and lower 

mooring lines but directly on the model (Fig.6) on the upstream 

end. All line controls were retrieved to the surface via a 

system of blocks and cam cleats (Fig.7). Only four load cells 

with the appropriate range (200 N) were available. The load 

cells were selected for their very low aspect ratio and very 

light weight characteristics (Essor Français de l’Electronique 

EFE- F5070B). During week 2, the tests performed with 

waves,  were only against the current, and the tests were run at 

two different levels of turbulence, i.e. 5% as in week 1 and 

25%.  

 

 

Fig.6 Tension load cell (x4) mounted directly on the upstream end of the 
model (week 2) 

 

 
Fig.7 Mooring arrangement at floor level showing individual controls of 

upper, lower and height of intersection of upper/lower mooring lines 

V. DATA ANALYSIS 

A. Introduction 

During the test campaign a number of mooring parameters 

were varied, such as the depth of submergence, the line angles 

and the distribution of pre-tension amongst the mooring lines. 

During week 2, a 30° configuration was tested alongside the 

baseline 20° configuration, where the lines experienced lower 

tensions in the static case (no current and no waves). 

B. Depth of submergence 

Fig.8 and Fig.9 show the mooring line tensions and the heave 

motions respectively for two different depths for the 20 

degrees configuration which are presented in TABLE I. As the 

model gets closer to the surface, the variation of tension and 

heave increases due to the additional wave induced motion. 

The heave signals show remarkably high frequency 

components; and the results are shown in Fig. 10 with the 

frequencies higher than 1.6 Hz filtered out, i.e. 2 times 0.8 Hz, 

which is the frequency of the wave pattern. 

TABLE I 

TESTS CHARACTERISTICS – DEPTH OF SUBMERGENCE COMPARISON 1 

Parameter Unit run298 run303 

Current speed m/sec 0.50 

 

0.50 

 

Wave amplitude mm 100 100 

Wave frequency Hz 0.8 0.8 

Turbines speed rpm 75 75 

Angle of the mooring lines deg 22 25 

Distance of the lower beam above 

the bottom of the tank 

mm 624 1160 

 



 
Fig.8 Depth of submergence comparison 1 - starboard lower line tension 

variation 

 
Fig.9 Depth of submergence comparison 1 – heave motion 

 
Fig. 10 Depth of submergence comparison 1 – heave motion (high frequency 

components filtered out) 

 
TABLE II presents another set of tests for comparison with 

waves present and no current. Fig.11 and Fig.12 show very 

clearly the increase in variation of tension and heave as the 

device moves closer to the surface regardless of the vertical 

angle of the mooring lines. 

TABLE II 

TESTS CHARACTERISTICS – DEPTH OF SUBMERGENCE COMPARISON 2 

Parameter Unit run294 run293 run299 

Current speed m/sec 0 

 

0 

 

0 

Wave amplitude mm 100 100 100 

Wave frequency Hz 0.55 0.55 0.55 

Turbines speed 

Angle of the 

mooring lines 

rpm 

deg 

 

0 

22 

 

0 

30 

 

0 

25 

Distance of the 

lower beam above 

the bottom of the 

tank 

mm 624 924 1160 

 

 

 
Fig.11 Depth of submergence comparison 2 - starboard lower line tension 

variation 

 
Fig.12 Depth of submergence comparison 2 – heave motion 

 

C. Pre-tension of mooring lines 

As mentioned previously, the layout of the lines was modified 

during week 2, i.e. the loads were distributed between the 

upper and lower lines, not only under the effect of drag and 

thrust, but also in the static case. This arrangement provided 

more dynamic stability and reduced the amplitudes of the 



oscillations of both the line tensions and the motions of the 

device. During some of the tests, the tension was adjusted to 

split the tension equally between upper and lower lines. In the 

following analysis, a series of tests (TABLE III) is considered 

to show how the mooring configurations affect the amplitude 

of the loads and the overall stability of the device. For this 

purpose, wave only tests were considered. 

 

1) Wave only tests: 

TABLE III 

TESTS CHARACTERISTICS – WAVE ONLY TESTS 

Parameter Unit run101 run306 run345 

Current speed m/sec 0 

 

0 

 

0 

 

Wave amplitude mm 100 100 100 

Wave frequency Hz 0.55 0.55 0.55 

Turbines speed rpm 0 0 0 

Lower lines 

angle 

deg 20 20 20 

Upper lines pre-

tension 

 no yes yes (equally 

split) 

 

 

Fig.13 Wave only tests – starboard lower line tension variation 

 

 

Fig.14 Wave only tests – heave motion 

The time series (Fig.13 and Fig.14), from test 101 show an 

average tension in the mooring lines higher than in the other 

tests, and a wider amplitude of oscillation for both the 

tensions and the motions. The heave motion is particularly 

significant, due to the configuration adopted.  The test 306 

still presents the 20° configuration, having the upper and 

lower lines pre-tensioned, which leads to lower tensions and 

motions than in the test 101. The test 345 appears to provide 

the best solution comparatively, where the pre-tension is set so 

that the load is equally split between upper and lower lines in 

the static condition. 

 

2) Wave against current: Two tests, one made in 

November (test 117) and the other one in December (test 

351) are of particular interest (TABLE IV). They both 

present the same current speed, wave against current, 

same wave amplitude but slightly different frequency. In 

test 351, the turbines were both operating at 75 rpm, 

while in test 117, the starboard turbine is operating at 75 

rpm and the port one at 125 rpm. The aim of this analysis 

is to compare the relative behaviour in the two different 

mooring setups despite the fact that one turbine was 

rotating at a higher speed. Fig.15 and Fig.16 show again the 

higher tension and motion (Pitch shown here) in the 

absence of upper mooring line pre-tension. 

 

TABLE IV 

TESTS CHARACTERISTICS – WAVE AGAINST CURRENT TESTS 

Parameter Unit run117 run351 

Current speed m/sec 0.75 

 

0.75 

 

Wave amplitude mm 100 100 

Wave frequency Hz 0.55 0.45 

Stbd turbine 

speed 

rpm 75 75 

Port turbine 

speed 

rpm 125 75 

Lower lines 

angle 

deg 20 20 

Upper lines pre-

tension 

 no yes (equally 

split) 



 

Fig.15 Wave against current tests – starboard lower line tension variation 

 

 
Fig.16 Wave against current tests – pitch motion variation 

 

D. Effect of Turbulence 

 

below shows two tests at 1 m/sec with no waves, with turbines 

parked, at two turbulence levels: 5 and 25 %. Fig.17 shows the 

tension in the starboard lower line for the two tests while Fig. 

18 and Fig. 19 show how the tension is distributed in the 

frequency domain. It can be seen that the higher level of 

turbulence leads to higher tension peaks occurring at higher 

frequencies. Fig. 20 shows the probability density functions of 

the tension for the two levels of turbulence and illustrates the 

higher tension levels reached in 25% turbulence. 

 

TABLE V 

TESTS CHARACTERISTICS – EFFECT OF TURBULENCE COMPARISON 

Parameter Unit run225 run335 

Current speed m/sec 1.00 

 

1.00 

 

Wave amplitude mm - - 

Wave frequency Hz - - 

Turbine speed rpm 0 0 

Turbulence level % 5 25 

 

 

 
Fig.17 Effect of turbulence – starboard lower line tension variation 

 

 

Fig. 18 Effect of turbulence – starboard lower line tension in the frequency 
domain at 5% turbulence 



 

Fig. 19 Effect of turbulence – starboard lower line tension in the frequency 

domain at 25% turbulence 

 

 

Fig. 20 Effect of turbulence – probability density function of the starboard 

lower line tension (raw signal) 

 

E. Failure Mode Tests 

During week 2 several failure mode tests were performed, 

where the parameters were recorded during a line failure 

incident. TABLE VI presents the characteristics of three cases 

where an upstream primary line was suddenly released in the 

case of current only and with waves. The aim of this analysis 

is to evaluate the effect of the failure on the tensions in the 

remaining lines; Failure of an upstream primary line was 

considered the most extreme case.  

TABLE VII presents the ratio of the tension before and after 

failure for both upper and lower lines. 

 

TABLE VI 

TEST CHARACTERISTICS – FAILURE MODE TESTS 

Parameter Unit run358 run360 run363 

Current 

speed 

m/sec 0.50 

 

0.75 

 

0.75 

 

Wave mm - - 150 

amplitude 

Wave 

frequency 

Hz - - 0.45 

Turbine 

speed 

rpm 0 0 0 

Lower lines 

angle 

deg 20 20 20 

Failure case  upstream 

port 

primary 

line 

upstream 

port 

primary 

line 

upstream 

port 

primary 

line 

 

TABLE VII 

TENSION COEFFICIENTS BETWEEN BEFORE AND AFTER THE FAILURE 

Parameter run358 run360 run363 

Stbd lower line 0.6 

 

1.1 

 

1.2 

 

Stbd upper line 2.5 3.0 2.2 

 
The probability distribution of the tensions was calculated, 

both before and after failure (Fig.21 and Fig.22), to determine 

their peak values in both conditions in order to determine the 

relative ratios. This information is useful for ensuring that 

appropriate safety factors are used during the design phase. 

The equation below shows how the peaks are calculated. The 

value considered is the the tension in the line at the 95th 

percentile.  

           

Where μ is the mean value of the tension and σ the standard 

deviation. 

Once the peak values in both operational and failure condition 

have been calculated, and the ratios between them indicate 

how the incident would affect the remaining lines. From 

TABLE VII, it can be seen that the highest tension is reached in 

the starboard upper line with current and waves. The case for 

which a line would experience greater resulting tensions is in 

current only (test 360) where the tension in the starboard 

upper line reaches three times the value in the operational case.   

 

 
Fig.21 Test 360 – probability density function of line tension before failure 



  
Fig.22 Test 360 – probability density function of line tension after failure 

 

F. Wave Excitation and Device Motion 

The aim of this section is to evaluate the horizontal wave 

particle velocity and to investigate how it affects the tensions 

in the lines. The wave particle horizontal velocity is calculated 

according to the DNV recommended practice (DNV-RP-C205 

Environmental Conditions and Environmental Loads), and the 

tensions in the lines are resolved along the x axis. The wave 

period is calculated as follows: 

  
 

 
 

Where f is the wave frequency. Then the wave length: 

       
 

  
     

         
 

 

 

 

Where g is the gravity acceleration, d the depth of the channel, 
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       are 4 dimensionless coefficients. In particular: 

         

         

          

         

Then it becomes possible to calculate the wave number: 

  
  

 
 

And so the angular frequency: 

               
 

  

Finally the evaluation of the wave particle horizontal velocity: 

  
   

 

            

        
 

The horizontal component of the tension in the lines 

isresolved along the x axis. If   refers to the line number, we 

have: 

 

For         

  
  

  

           
           

  

 

Then the sum of these components is considered: 

  
       

 
 

   
 

 

Fig.23 shows clearly the correlation between this last quantity 

(horizontal component of the tension) and the horizontal wave 

particle velocity.  

 

 

Fig.23 Test 310 – horizontal line tension component vs horizontal wave 
particle velocity 

 
As expected, the horizontal particle velocity induced by the 

waves is in phase with the horizontal component of the 

tensions in the upstream lines. It can be seen that the 

additional flow velocity due to the waves results in an increase 

in the drag created by the support structure. 

VI. CONCLUSIONS 

A. Depth of Submergence 

Although the current is usually stronger closer to the surface 

and an ideal spot to be located for maximising power 

extraction, the effect of wave induced motion and load 

variation in the mooring lines is also greater. However, with 

careful pre-tensioning of the mooring lines, the device can 

remain relatively motion free close to the surface.  



Because of this, a great deal of freedom exists when 

determining the appropriate position for the support structure 

in the water column at a given site. Besides the environmental 

conditions (current speed and metocean), other factors such as 

providing safe overhead clearance for small vessels that are 

working at the site or that may stray into the site must be 

considered. 

B. Pre-tensioning 

Pre-tensioning the lines in order to divide the loads between 

upper and lower lines seems to be the most efficient method 

of ensuring the dynamic stability of the platform; a more 

stable device dramatically decrease the load cycling in the 

mooring lines and greatly increases fatigue life. 

C. Effect of Turbulence 

A greater level of turbulence induces greater amplitudes of 

tension fluctuations in the mooring lines at higher frequencies. 

D. Failure Mode 

The most severe case is the failure of an upstream primary 

line. The tension in the opposite upstream upper line increases 

up to three times more than in the intact case. In the failure 

tests performed, the turbines were always parked, and it is 

recommended that further work is undertaken in this area to 

understand the consequences when the turbines are operating. 

E. Wave Excitation and Device Motion 

After calculating the horizontal wave particle velocity and 

comparing its behavior with time with the horizontal 

component of the tension in the lines, it can be seen that the 

two parameters are in phase, at least in regular waves. This 

demonstrates that the structure is dominated by viscous drag 

forces, as would be expected on a fully submerged object. 

 

VII. FUTURE WORK 

Only regular waves were used during this tank testing 

campaign and it is anticipated that the behaviour of the device 

could be different in real sea states. Also, due to the intrinsic 

nature of water circulation channels, flow and wave making 

generation are collinear therefore cases where the current and 

waves are acting from different directions cannot be 

reproduced. Large wave tanks fitted with flow production 

capabilities are currently being explored for future tests. 
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