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Abstract:
This document presents the power curve calculated for DEEP-Gen IV, a horizontal axis tidal energy converter 

(TEC).  The test procedure was conducted during the TEC’s deployment in the fourth quarter of 2013 at the 

European Marine Energy Centre (EMEC) at the Fall of Warness.  DEEP-Gen IV is a commercial scale turbine not 

designed for production.  Rather, it is used to prove the concept and technology whilst acting as a development 

stage for the next generation of Alstom Ocean Energy turbines.  This document is intended to show the measured 

power curve and validate the predicted power curve produced using Tidal Bladed.  This software can then be used 

to produce power curves for the next generation of turbines.  This document has been produced in line with the 

recommendations laid out in the IEC 62600-200 Standards (IEC, 2013).

Context:
One of the key developments of the marine energy industry in the UK is the demonstration of near commercial 

scale devices in real sea conditions and the collection of performance and environmental data to inform permitting 

and licensing processes.  The ETI's ReDAPT (Reliable Data Acquisition Platform for Tidal) project saw an 

innovative 1MW buoyant tidal generator installed at the European Marine Energy Centre (EMEC) in Orkney in 

January 2013.  With an ETI investment of £12.6m, the project involved Alstom, E.ON, EDF, DNV GL, Plymouth 

Marine Laboratory (PML), EMEC and the University of Edinburgh.  The project demonstrated the performance of 

the tidal generator in different operational conditions, aiming to increase public and industry confidence in tidal 

turbine technologies by providing a wide range of environmental impact and performance information, as well as 

demonstrating a new, reliable turbine design.

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for 

Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed ‘as 

is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information to the 

maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and shall not 

be liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any direct, 

indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated profits, and 

lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding any statement 

to the contrary contained on the face of this document, the Energy Technologies Institute confirms that the authors of the document have 

consented to its publication by the Energy Technologies Institute.

This document was prepared for the ETI by third parties under contract to the ETI. The ETI is making these 

documents and data available to the public to inform the debate on low carbon energy innovation and deployment. 

Programme Area: Marine

Project: ReDAPT
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2 ACROYNMS 
ADCP  Acoustic Doppler Current Profiler 

BEMT  Blade Element Momentum Theory 

BNG  British National Grid 

DG  DEEP-Gen 

HAT  Highest astronomical tide 

LAT  Lowest astronomical tide 

LSS  Low-Speed Shaft 

MSL  Mean Sea Level 

NW  North West 

QC  Quality Control 

ReDAPT  Reliable Data Acquisition Platform for Tidal 

RMS  Root Mean Square 

SE  South East 

TEC  Tidal Energy Converter 

UT  Universal Time 

VSPR  Variable Speed Pitch Regulated 

WGS  World Geodetic System 

3 INTRODUCTION 
This document presents the power curve calculated for DEEP-Gen IV, a horizontal axis tidal energy converter (TEC). The 
test procedure is conducted as part of the Reliable Data Acquisition Platform for Tidal (ReDAPT) project during the 
TEC’s deployment in the fourth quarter of 2013 at the European Marine Energy Centre (EMEC) at the Fall of Warness. 

DEEP-Gen IV is a commercial scale turbine not designed for production. Rather, it is used to prove the concept and 
technology whilst acting as a development stage for the next generation of Alstom Ocean Energy turbines. This 
document is intended to show the measured power curve and validate the predicted power curve produced using Tidal 
Bladed. This software can then be used to produce power curves for the next generation of turbines. 

This document has been produced in line with the recommendations laid out in the IEC 62600-200 Standards (IEC, 
2013). 
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4 TEC REPORT 

4.1 TEC description 
The TEC is a three blade horizontal-axis tidal turbine with Variable Speed Pitch Regulated (VSPR) control. The turbine 
yaws in each slack tide so that its energy extraction plane is perpendicular to the principal flow direction and upstream 
of the turbine nacelle. The turbine parameters are shown in Table 4-1 with an overview of the design in Figure 4-1. 

Make Alstom 
Type Three blade horizontal axis tidal turbine 
Serial number DG4 
Production year 2011 
Blade radius 9.04m 
Equivalent diameter 18.08m 
Projected capture area 256.74m2 
Distance above sea bed 19m (turbine centreline) 
Foundation Piled tripod  

Table 4-1: Key parameters of the TEC 

 

 

4.2 Power take-off 
The power take-off system is defined by the parameters in Table 4-2 and described by the image and diagram in Figure 
4-2. 

Figure 4-1: Overview of the TEC. 
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Generator rated voltage 690 V 
Generator current 1165 A 
Generator frequency rating (Grid side) 50 Hz 
Converter rated voltage  650 V 
Converter current (Grid side) 1100 A 
Converter frequency rating 50 Hz 

Table 4-2: Power take-off system parameters 

 

 

 

Figure 4-2: Overview of power take-off system 

 

4.3 Operational Parameters 
The turbine is designed to cut-in at a velocity at the start of the tidal cycle up to a rated velocity where the rated output power is 
produced. The key parameters are defined in Table 4-3. 

Rated output power 1.0 MW 
Rated water velocity 2.7 m/s 
Diameter 18.08 m 
Overhang (rotor to tower distance) 0.7 m 
Cut-in water velocity 1.0 m/s 
Nominal rotor speed 13.78 rpm 
Maximum rotational speed  19.29 rpm 

Table 4-3: Key turbine operational parameters 
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5 TEC TEST SITE REPORT 

5.1 Site Description 
The TEC is placed in the Fall of Warness at the EMEC test site. The location of the TEC is shown in Table 5-1. A 
description of the bathymetric features is shown in Figure 5-1. 

TEC location EMEC test site, Fall of Warness 

Location (WGS84 coordinate system) 59.136853N, 2.805833W 
Location (BNG coordinate system) 1028061N, 353986E 
Electrical cable length to shore 3.6k m 

Table 5-1: Description of test side for obtaining power curve data 

 
Figure 5-1: Bathymetry (depth below MSL in m), TEC shown as red diamond and ADCPs as yellow 
crosses. Map uses BNG coordinate system and note difference in x and y axis scales. 

 

Mean Sea Level (MSL) relative to chart datum 1.51 m 
Highest astronomical tide (HAT) relative to chart datum 2.97 m 
Lowest astronomical tide (LAT) and chart datum from seabed 41.57 m 
Long term mean current 1.804 m/s 
Long term mean flood current 1.701 m/s 
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Long term mean ebb current 1.896 m/s 
Mean spring peak current 3.079 m/s 
Mean neap peak current 1.744 m/s 
Principal flood direction (from North) 137° 
Principal ebb direction (from North) 331° 

Table 5-2: Environmental conditions at the EMEC test site taken from ReDAPT report MD6.1 (Way & 
Thomson, 2011) 
 

5.2 Environment conditions 
Environmental conditions that define the EMEC test site were measured as part of the ReDAPT project and listed in 
report MD6.1 (Way & Thomson, 2011); key parameters for the power curve creation are listed in Table 5-2. A tidal 
ellipse of data used for the power curve creation in this report is shown in Figure 5-2. Note that the bin data is ten-
minute power-weighted velocities over the rotor area (see Section 9.2) and does not agree with the principal flow 
directions from MD6.1 (Way & Thomson, 2011) which have been derived using depth-averaged velocity. Analysis of 
depth profiles at the EMEC site were conducted in MD6.2 (Smith, 2014) and showed the directional twist changed 
significantly through the water column by as much at 10° from the mean. This would contribute towards the differences 
in principal and bin-data flow directions observed here. The reason for the different method of calculating flow velocity 
and direction is that the present report follows the method required by the IEC Standards (IEC, 2013) and described in 
Section 9.2. 

 

 

Figure 5-2: Tidal ellipse of flood and ebb bin data used for power curve creation 
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5.3 ADCP locations 
The velocity used to characterise the power curve is obtained by means of two Acoustic Doppler Current Profilers 
(ADCPs) positioned to the North West (ADCP NW) and South East (ADCP SE) of the TEC location. The locations are 
shown in Table 5-3 with their location relative to the TEC in Figure 5-3.  For analysis of data in a flood tide ADCP NW is 
used to characterise the flow, and for an ebb tide ADCP SE is used.  Figure 5-3 shows the offset of the ADCP from the 
relevant principal flow directions is 1.5D for ADCP NW and 0.2D for ADCP SE and that they are positioned 3.38D and 
4.26D upstream of the TEC foundation centre when defining the flow velocity. Section 8.9.1A of the IEC Standards (IEC, 
2013) shows that for inline capture, the ADCPs meet all of the criteria except for ADCP SE’s offset from the principal 
ebb flow direction which should be within ±0.5D of the centre line. Direction measurements at both ADCP locations and 
turbine have been shown to be consistent in terms of both velocity magnitude (Smith, 2014) and direction and so it is 
hypothesised that the offset of ADCP SE does not have a significant impact on results. Note that 1D is 18.08 m and the 
plane of the rotor is 0.7D upstream of the TEC foundation centre. 

From this analysis improved locations for the position of the ADCPs in future deployments were advised. 

TEC 59.136853N, 2.805833W 
ADCP NW 59.137284N, 2.806425W 
ADCP SE 59.136492N, 2.805067W 

Table 5-3: Locations of ADCPs used for velocity data capture 

 

 
Figure 5-3: Layout of ADCPs compared to TEC and principal Flood and Ebb flow directions 
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6 ELECTRICAL GRID AND LOAD REPORT 
Grid parameters are listed in Table 4-2. 

 

7 TEST EQUIPMENT REPORT 
The three velocity components are recorded using ADCP NW and ADCP SE, both devices are of equal specification as 
described in Table 7-1.  

Instrument 600 kHz ADCP 
Sampling frequency (Hz) 0.5 
Sensor height above bed (m) 0.6 
Bin size (m) 1.0 
First bin centre (m) 2.07 

Table 7-1: Specification of ADCPs used in velocity data acquisition  
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8 MEASUREMENT PROCEDURE REPORT 
This report uses the Universal Time (UT) time zone, equivalent to GMT. Where data sets were obtained in other time 
references these were corrected prior to analysis. 

The coordinate system used throughout this report is the World Geodetic System (WGS) 84 with values presented in 
decimal format of longitude and latitude. In one case it is necessary to display a chart (Figure 5-1) using the British 
National Grid (BNG) coordinate system. 

No offset to account for drift between the ADCPs and the TEC is applied. Given the distance between the ADCPs and the 
TEC and the rate of velocity acceleration / deceleration any correction would be of the order of seconds and is deemed 
negligible when considering the sample period of 600 seconds. 

The ADCP data is recorded at a frequency of 0.5Hz. The data processing procedure is as follows: 

1) Data is recorded as raw "beam" data values; 
2) Dropped data values are replaced with null values; 
3) If the null values have no neighbours they are linearly interpolated; 
4) Data is converted into instrument x, y, z coordinate system, taking into account co-sampled pitch and roll; 
5) Heading data is applied to convert coordinates into East, North and Up; 
6) E,N,U data is passed through 2 filters: 

a. Rejection of velocities not having a Minimum Amplitude of Signal Return; 
b. Outlier rejection based on windowed standard deviation; 
c. Phase-space iterative filtering can be applied to but was not used here. 

Both filtering thresholds (minimum amplitude and multiplier/gain of the running-standard-deviation of the signal 
method) were set low in the data sets supplied for the creation of this power curve. For minimum amplitude this is 
unlikely to have rejected any data points. However, this has a small impact (1%) in the value of the mean velocity 
obtained after ensemble averaging over the (approximate) 300 data points making up a ten minute sample.  
 
The low setting of the second filter (6b above) means only large outliers would be rejected; again this is unlikely to 
impact on the analysis due to the methodology it is used for here. For higher sensitivity analysis, such as analysis of 
turbulence, a tighter threshold would be required. 

The 0.5Hz ADCP data was averaged into five minute samples before the method of bins was applied which resamples 
the data in to ten-minute samples. The turbine power was recorded at a frequency of 10Hz which is then filtered into 
1Hz data using a low-pass filter with a time constant of 3 seconds. 

9 PRESENTATION OF MEASURED DATA 

9.1 Overview 
This section details the data that is used for the power curve creation in the next section. Section 8.3 of the IEC 
Guidelines (IEC, 2013) specify that data should be collected over a minimum of 15 days to ensure a spring-neap cycle is 
observed, with the maximum duration allowed being 90 days. Availability over the test period should exceed 80%. 

For the current power curve a 19 day sample is used, described in Table 9-1. Data was split into a flood or ebb data set 
based on the direction of the flow. The direction was evaluated by fitting a Bessel function to the raw direction data to 
improve the signal quality. Flood data was chosen if the direction of ADCP NW was positive and ebb data if the 
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direction of ADCP SE was negative. The calculated time at either flood or ebb time is shown in the first row of Table 
9-2.  

Data is only presented on the power curve when the minimum power is greater than zero; this represents 42% of the 19 
day sample. When considered with the slack tide the test availability is 72%. The remaining 28% of excluded data is 
accounted for by three main categories: 

1. Tests conducted as part of the ReDAPT project to better understand flow data; 
2. Tests conducted on the TEC operation;  
3. Shutdowns of the TEC due to the controller due to, for example, flow conditions outside of the operating 

envelope. 

These are all valid exclusions under section 8.5, data processing, of the IEC Standards (IEC, 2013). Future TEC 
deployments give the opportunity to increase the data availability and to reach the 80% availability specified by the IEC 
Standards (IEC, 2013). 

Start of sample 15/10/2013 14:00 
End of sample 3/11/2013 14:00 

Table 9-1: Dates of data collection for power curve creation 

 

 Flood Ebb Total 

Tide by ADCP direction 48% 50% 98% 
Time at slack (U<1ms-1) 15% 15% 30% 
Minimum Power > 0 22% 20% 42% 
Minimum Power > 0 + Slack 37% 35% 72% 

Table 9-2: Overview of sampled data used for power curve creation, shown as a percentage of the 19 
day sample 

 

9.2 Method of bins 
Data is sampled into ten-minute bins and presented against mean power-weighted tidal-current velocity. This 
procedure follows the method of bins as laid out in the IEC Standards (IEC, 2013) and described here. The integral of 
the cube of the velocity upstream of the TEC over the turbine area is calculated and then averaged over the chosen 
sampling period, here 10 minutes.  

This integral, or power weighted tidal current velocity, 𝑈�𝑡, is calculated as: 

𝑈�𝑗 = �
1
𝐴
�𝑈𝑘,𝑗

3 𝐴𝑘

𝑆

𝑘=1

�

1/3

, 

Where: 

𝐴 = �𝐴𝑘

𝑆

𝑘=1

, 

R
eq

ue
st

er
 : 

Ja
m

es
 M

cN
au

gh
to

n
R

ev
ie

w
er

 : 
R

og
nv

al
d 

S
IN

C
LA

IR
A

pp
ro

ve
r 

: D
av

id
 D

O
B

S
O

N
R

ev
 : 

A
08

/0
5/

20
14



 
 Author : JMC 

Date  : 06/05/2014 

OCEAN ENERGY ReDAPT MC7.1 – Initial Power Curve 
Ref : Ref : OCEDG4--GENALL0007BB 

Revision : A 

 

This information is protected by a liability disclaimer – see front page for details. 

© Tidal Generation Ltd  2014 – All rights reserved. 

OCE_Document_Form_F   Page 14/26 

And: 𝑗 is the index of the time instant, 𝑘 is the index of the ADCP bin, 𝑆 is the number of ADCP bins over the turbine 
area, 𝐴 is the projected capture area of the TEC [m2], 𝐴𝑘 is the projected capture area of the TEC corresponding to 
ADCP bin 𝑘 [m2], 𝑈𝑘,𝑗 is the velocity vector at time index 𝑗 and ADCP bin index 𝑘 [ms-1]. See Figure 9-1 for definition of 
these. 

𝑈�𝑗 is then averaged into bins corresponding to the required sampling period, which here is ten minutes. It is also 
important to note that the velocity data used in this analysis had already been averaged into step sizes of 5 minutes. 

There is a difference in depth between the ADCP locations and a 2° tilt of the turbine nacelle from the horizontal 
between flood and ebb positions. Due to these the selected bins and their weighting coefficients used in the method of 
bins are different for each ADCP; this is explained by Figure 9-2.  The 2° tilt of the rotor was not factored into any of the 
equations, i.e. the “effective rotor area” was not reduced. 

 

 
Figure 9-1: Rotor areas definition for method of bins 
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Figure 9-2: Plot of TEC to give flood and ebb areas used in method of bins. Not to scale. 

 

9.3 Data Inclusion and Exclusion 
Data is presented that met the criteria that the turbine was generating and not non-operational due to slack tides. In 
addition, due to specific tests being carried out as part of the ReDAPT program, further data was excluded from the data 
sets. This latter set of excluded data is shown in Figure 9-3 for both flood and ebb tides. 

9.4 Power Curve Data 
Data used for the creation of the power curves is shown in Figure 9-4 and Figure 9-5 for the flood and ebb tides 
respectively. For each of the ten-minute samples the maximum, mean, minimum and standard deviation of the power 
is presented. The data is plotted against the corresponding ten-minute power-weighted current velocities. More scatter 
in the data is observed for the ebb tide which is partially due to data being collected over a larger range of velocities.  A 
greater standard deviation was witnessed on the flood tide, which confirms previous studies that identified flood as 
being the more turbulent tide (2) (3). 
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Figure 9-3: Plot showing data excluded from flood and ebb measurements 

 

 
Figure 9-4: Active recorded power for flood tide 
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