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The Department of Energy (DOE) launched the Wave Energy Prize (WEPrize) Competition as a mechanism to stimulate the development of new wave energy converter devices that have the prospect of becoming commercially competitive in the long run.  In the Final stage of the competition, nine teams will test their 1/20th scale devices at the US Naval Surface Warfare Center Carderock Division (NSWCCD) Maneuvering and Seakeeping Basin (MASK) in West Bethesda, MD.   Each contestant will prepare their device for one week and then test their device for one week at the MASK basin in Summer/Fall 2016.  This testing program will measure the performance of each device tested to determine the Wave Energy Prize winners.
The purposes of the Team Test Plan are to:
· Plan and document the 1/20th scale device testing at the Carderock MASK basin;
· Document the test article, setup and methodology, sensor and instrumentation, mooring, electronics, wiring, and data flow and quality assurance;
· Communicate the testing between the Finalist team, Carderock, Data Analyst (DA) and the Prize Administration Team (PAT);
· Facilitate reviews that will help to ensure all aspects (risk, safety, testing procedures, etc.) have been properly considered;
· Provide a systematic guide to setting up, executing and decommissioning the experiment.
The team test plan is a Wave Energy Prize required document and will be owned/managed by the Carderock Test Leads and DAs, and is intended to be a “living document” that will evolve continuously prior to the MASK basin testing.
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The top level objective of the 1/20th scale device testing is to obtain the necessary measurements required for determining Average Climate Capture Width per Characteristic Capital Expenditure (ACE) and the Hydrodynamic Performance Quality (HPQ), key metrics for determining the WEPrize winners [1].
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All testing will be conducted in the Maneuvering and Seakeeping basin (MASK) at Carderock Division, Naval Surface Warfare Center located in Bethesda, Maryland.  The MASK is an indoor basin having an overall length of 360 feet, a width of 240 feet and a depth of 20 feet except for a 35-foot deep trench that is 50 feet wide and parallel to the long side of the basin.  The basin is spanned by a 376-foot bridge supported on a rail system that permits the bridge to transverse to the center of the basin width as well as to rotate up to 45 degree from the centerline as seen in Figure 1.  Figure 1 does not include the physical update of this wavemaker system, but a drawing of the new paddle layout can be seen in Figure 2.  The MASK Carriage is suspended beneath the bridge and can travel along the rails by the rollers and drive system.  There is an arresting gear to prevent the carriage from hitting the end stops and this limits the travel along the bridge.  The carriage has 6’ x 10’ moon bay in the center which allows for models and instrumentation to be mounted.  A photo of the carriage is shown in Figure 3.  Along the two ends opposite of the wavemakers are beaches with a 12 degree slope. The beaches are constructed of 7 layers of concrete sections and are effective in mitigating the mass flux of water back into the tank during wave generation.  The hydrodynamic properties of the beaches can be found in [2].
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[bookmark: _Ref429000481][bookmark: _Toc442202046][bookmark: _Toc446346575][bookmark: _Toc466294643]Figure 2. General view of new segmented wavemaker in MASK Wavemaking Facility. Paddles are highlighted in red and the control cabinets are highlighted in bright blue.
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[bookmark: _Ref429000175][bookmark: _Toc442202045][bookmark: _Toc446346576][bookmark: _Toc466294644]Figure 3. MASK carriage shown below the bridge at the center of the bridge.
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The new wavemaker is rendered with respect to its general install position in Figure 2.  The wavemaker system consists of 216 paddles.  There are 108 paddles along the North edge of the basin, 60 paddles in a ninety degree arc, and 48 paddles along the West edge of the basin.  The paddles are grouped in sets of eight paddles per control cabinet.  The 27 control cabinets are then joined via three marshaling cabinets, and ultimately the marshaling cabinets are connected to the main control station at the second floor of the MASK control room.  The cabinets and control room are generally illustrated in Figure 2.
A more detailed view of the wavemaker paddles is provided in Figure 4.  The paddles have a hinge depth of 2.5 m (8.2 ft) and a pitch (centerline to centerline spacing) of 0.658 m (25.9 in.).  The wavemaker system is a dry back, force feedback system.  The paddles are moved using hydrostatic compensation with air tanks and bellows and with sectors attached to the wavemakers with an A-frame type structure.  The sector has a timing belt attached which runs on the topside of the sector.  The timing belt runs through a pulley box powered with an encoder controlled motor.  The motor is used to control the real-time quick motions of the paddle.  The force feedback of the paddle is provided via a force transducer mounted at the bellows and sector interface to the paddle.
The wavemaker is controlled via runtime software located on the main control computer using Edinburgh Designs Limited (EDL) software. The software allows entering specific regular wave conditions or it can be programmed to generate irregular seas via the input of “experiments files”. 
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With respect to the MASK basin, the reference frame is illustrated in Figure 5.  Its operational origin is located at the interior intersection of the northwest and northeast walls and vertically at the nominal 20 ft. water level.  The positive x-axis is aligned along the shorter northwest wall and the positive y-axis along the longer northeast wall.  Waves propagating parallel with the x-axis (toward the long beach) are defined as having a mean wave direction, β₀, of zero degrees and waves propagating parallel with the y-axis as 90 degrees.  This convention defines the wave direction as the direction the waves are traveling toward.
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[bookmark: _Ref429000556][bookmark: _Toc442202048][bookmark: _Toc446346578][bookmark: _Toc466294646]Figure 5. MASK reference orientation, note that the orientation here is different than that in Figures 1 and 3.
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[bookmark: _Toc466294597]Device description

The DUO is an axisymmetric, two-body, self-reacting wave energy convertor that simultaneously captures power from multiple modes of motion, in particular – heave (vertical motion) and pitch/surge (a rocking/horizontal motion).  
An isometric view of the 1/20 model for the DUO is shown in Figure 6.  A cross-section of the 1/20 model is shown with dimensions in Figure 7 [REDACTED].
The Float is 1.3 m wide and the side wall height is approximately 0.6m.  The inner diameter of the ‘moon pool’ of the Float is approximately 0.8m.  The overall mass in air of the Float, including the PTO modules connected to it, is 222kg.
The Submerged Ring is constructed from six cylindrical sections welded into a hexagonal shape.  The cylindrical section has a diameter of 0.45m.  The Hexagonal shape has an outer width of 1.2 m.  The inner space is 0.3m wide.  The mass in air of the Submerged Ring is 156kg.  When fully submerged, the Submerged Ring weighs 123kg.  This creates the pretension in the cables that connect the Float to the Submerged Ring.  As a result, when fully connected, the Float has a draught of approximately 0.41m and the deck of the Float is 0.19mm above the still water line.
The actual measured values of the dimensions vary slightly from above due to the wall thickness of the aluminum plate and welding methods used in construction.  Further details on the dimensions of the hull structures are provided in Table 1 [REDACTED].
The lower fully submerged body is designed to have a total mass greater than its displaced volume and is suspended below the floating body by cables that are connected to the ends of the three lever arms, thus creating the pre-tension in the connecting cables.  A set of top cables connect the lever arms to the PTO.  The relative motion between the bodies drives the lever arms and the PTO system damps the motion of the lever arms for primary power absorption.  A picture of the PTO and sensor arrangement for the 1/20 model is shown in Figure 8.

[image: ]Bottom cables – connecting submerged ring to the lever arms
Mooring connection points
Float
PTO module – bolted to the deck of the Float
Submerged Ring

[bookmark: _Ref448604833][bookmark: _Toc466294647]Figure 6: 3D view of complete DUO system

[REDACTED]
[bookmark: _Ref452366035][bookmark: _Toc466294648]Figure 7: External dimensions of float and submerged ring. All dimensions are in [mm].
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[bookmark: _Ref453613007][bookmark: _Toc466294649]Figure 8  Picture of PTO module and sensor arrangement


Post Test Notes for Section 4.1
The ‘load cells’ labeled in Figure 8 are referred to as the ‘Ram Load Cells.” The Ram Load Cells were mounted between the Motor and the Spring Bracket, did not pass the spot checks, and as a result were not used for the prize power calculation. Instead, the Ram Load Cells were only used by Sea Potential for their control signal. Secondary load cells referred to as the ‘Line Load Cells’ were mounted between the Top cable on the Lever arm and the Bottom cable connected to the Submerged Ring. The Line Load Cells passed the spot checks, and were used for the prize power calculation. See additional notes in Sections 4.1/4.6/6.2/Appendix F/Appendix G.
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A picture of the PTO mechanism is shown in Figure 8. The “Top cable” is attached from the “Spring Bracket” to the lever arm, via a pulley.  There are two tension springs attached either side of the stator of the Linmot motor and connected to the spreader bars on the “Spring Bracket”.  The Submerged Ring body is attached to the lever arm via the “Bottom cable”, which is connected at the end of the lever arm.  The weight of the Submerged Ring body attached to the lever keeps the cable and springs in tension.
The relative motion between the Float and the Submerged Ring causes the lever arms to move.  The primary power conversion on the DUO was achieved by damping the motion of the lever arms.  The damping of the motion of the lever arms was provided by the ‘Linmot’ linear motor and the damping force applied was controllable.
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The table below, Table 1, provides the overall dimensions and mass properties of the 1:20 scale DUO that was tested at Carderock.
[bookmark: _Toc466294633]Table 1. DUO 1/20th model properties
[REDACTED]
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The hydrodynamics of the DUO dictate the use of Froude scaling because inertia is the dominating force. 
The scaling for the DUO was based on the report “Assessment of current practice for tank testing of small marine energy devices” from the Equimar. This project was funded by the European Commission, involved about 60 scientists, developers, engineers and conservationists from 11 European countries, who worked together to find ways to measure and compare the dozens of tidal and wave energy devices [3].
The report states that Froude number scaling is desirable in cases where gravity driven phenomena are to be examined.  The results of the 1/50th scale tank testing performed for the Wave Energy Prize at the University of Iowa in December 2015, and the corresponding numerical modelling of the DUO, showed that the motions of the hull structures of the DUO were at low speeds under the effects of gravity and buoyancy.  The ratio of hydrodynamic and inertial loads to gravitational loads is important, as gravity is providing one of the forces required for equilibrium.  Therefore, the Sea Potential team has identified Froude scaling as the most suitable approach for scaling in relation to the hull structures of the DUO.
The flow is high Reynolds number, which means that form drag on the hull structures due to vortex shedding is much larger than skin friction due to fluid shear. In this case, provided that the vortex separation point is common to both the model and the prototype then the drag forces scale with Froude scaling. Therefore, it is assumed that the drag coefficient is independent of the Reynolds number and is scaled correctly with Froude scaling.
The damping forces applied from the Power Take Off (PTO) system are applied as a mechanical damping force and can also be scaled using Froude number.  The actual PTO is not scaled; rather an actuator (the Linmot motor shown in Figure 8) was used to simulate the damping forces and response of the full scale PTO.  This actuator provided a damping force that is a function of the velocity of the actuator.
The scaling factors are summarized in Table 2.






	Froude Scaling Overview

	Quantity
	Scaling
	Scale Factor
	Units

	Wave height and length
	λ
	1/20
	m

	Wave period
	λ0.5
	(1/20)0.5
	s

	Wave frequency
	λ-0.5
	(1/20)-0.5
	1/s

	Power Density
	λ2.5
	(1/20)2.5
	W/m

	Linear Displacement
	λ
	1/20
	m

	Angular Displacement
	1
	1
	rad

	Linear Velocity
	λ0.5
	(1/20)0.5
	m/s

	Angular Velocity
	λ-0.5
	(1/20)-0.5
	rad/s

	Linear Acceleration
	1
	1
	m/s2

	Angular Acceleration
	λ-1
	(1/20)-1
	rad/s2

	Mass
	λ3
	(1/20)3
	kg

	Force
	λ3
	(1/20)3
	N

	Torque
	λ4
	(1/20)4
	Nm

	Power
	λ3.5
	(1/20)3.5
	W 

	Linear Stiffness
	λ2
	(1/20)2
	N/m

	Angular Stiffness
	λ4
	(1/20)4
	N/rad

	Linear Damping
	λ2.5
	(1/20)2.5
	N/(m/s)

	Angular Damping
	λ4.5
	(1/20)4.5
	Nm/(rad/s)


[bookmark: _Ref466279527][bookmark: _Toc466294634]Table 2. Scaling Values for 1/20th to Full scale
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N/A
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The control strategy of the DUO 1/20th scale model was through the PTO to provide a damping force using a linear motor on each lever.  The damping force applied is a function of the velocity of the slider (piston) in the linear motor.  To achieve this, the damping force applied by each linear motor was measured using load cells connected between the top cable and the piston of the linear motor.  In addition, a tachogenerator was used to measure the velocity of the piston of the linear motor.  A real-time controller (National Instruments CompactRio running built in LabVIEW software) was used to control the current supplied to the linear motor so that the resisting force for the PTO was a function of the measured velocity of the piston in the linear motor. The real-time controller was configurable so that the constant of proportionality can be varied to match the sea-state.  Further details are provided in Appendix D.
Thus, the measurements required for this control strategy are the signals from the load cells, which came via the Carderock DAQ system, and the tachogenerator signals which was feed directly into the real-time controller.
Changes to the physical set-up of the model could also be used to control the DUO.  For example, the position of the ballast in the Float can be changed, which alters the pitch characteristics of the DUO.  The angle of the cable connecting the linear motor / spring assembly to the lever arm can also be changed, which can de-tune the responses of the DUO in storm conditions if required.  For the testing at MASK, a single setting for these mechanical arrangements was determined that provided an optimum setting and no mechanical changes were made during the testing in Carderock.

Post Test Notes for Section 4.6
The Ram Load Cells were initially used for control during the testing at Carderock. However, the Ram Load Cells failed mid-testing, and Sea Potential then used the Line Load cells for their controller. The Ram Load Cells failed the spots checks and were never used to calculate power. Only the Line Load Cells were used for the prize power calculation. Refer to the ‘Notes’ tab of the results spreadsheet to see when this transition occurred. See additional notes in Sections 4.1/4.6/6.2/Appendix F/Appendix G.
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[bookmark: _Toc466294604]Test matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK facility are shown in Table 3.  Carderock performed wave environment calibration in Summer 2016. The result of this calibration is shown in Appendix E.
[bookmark: _Ref441046446][bookmark: _Toc446346326][bookmark: _Toc466294635]Table 3. Test waves
	Type
	Number
	TP [s]
	HS [m]
	γ (gamma)
	Direction
	Spreading

	IWS (JONSWAP)
	1
	1.63
	0.117
	1.0
	10.0
	∞

	
	2
	2.20
	0.132
	1.0
	0.0
	∞

	
	3
	2.58
	0.268
	1.0
	-70.0
	∞

	
	4
	2.84
	0.103
	1.0
	-10.0
	∞

	
	5
	3.41
	0.292
	1.0
	0.0
	∞

	
	6
	3.69
	0.163
	1.0
	0.0
	∞

	LIWS (JONSWAP)
	7
	3.11
	0.395
	3.3
	-30.0
	3.0

	
	8
	2.50
	0.460
	3.3
	-70.0
	7.0

	RWS                  (4-parameter JONSWAP)
	9
	3.22
	0.076
	2.0
	-70.0
	7.0

	
	
	1.61
	0.108
	2.0
	0
	10

	
	10
	3.32
	0.079
	2.0
	-70.0
	7.0

	
	
	1.93
	0.065
	2.0
	-10
	10


[bookmark: _Toc466294605]Test schedule
[bookmark: _Ref445998187][bookmark: _Toc446346327]The 1/20 scale DUO testing schedule is shown below in Table 4. 
[bookmark: _Ref456789051][bookmark: _Toc466294636]Table 4. Testing schedule
	Date/Time
	Event

	Monday
	MASK installation and work-in

	7:00
	Morning Huddle

	7:10
	Contestants will be moving their device from the assembly area to the installation area,  installation and verifying operation

	Tuesday
	Continued installation and work-in

	7:00
	Morning Huddle

	7:10
	Contestants continue moving their device from the assembly area to the installation area,  installation and verifying operation

	2:00
	Readiness verification

	3:00
	Baseline 1 run
	IWS Wave 2

	4:00
	Baseline 2 run
	IWS Wave 5

	4:20
	Contestants pack up for evening

	Wednesday
	Full Test Day

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Run 1 (Baseline 1)
	IWS Wave 2

	9:00
	Run 2 (Baseline 2)
	IWS Wave 5

	10:00
	Run 3
	IWS Wave 1

	11:00
	Run 4
	IWS Wave 3

	12:00
	Lunch

	1:00
	Check Run 1  (Baseline 1)
	IWS Wave 2

	2:00
	Run 5
	IWS Wave 4

	3:00
	Run 6
	IWS Wave 6

	4:00
	Check Run 2  (Baseline 2)
	IWS Wave 5

	5:00
	Contestants pack up for evening (also a 30 minute buffer)

	Thursday
	 

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Check Run 3  (Baseline 1)
	IWS Wave 2

	9:00
	Run 7
	RWS Wave 1

	10:00
	Run 8
	RWS Wave 2

	11:00
	Run 9
	LIWS Wave 1

	12:00
	Lunch

	1:00
	Run 10
	LIWS Wave 1

	2:00
	Check Run 4  (Baseline 2)
	IWS Wave 5

	3:00
	Backup Run 1/ Contestant Testing
	TBD

	4:00
	Backup Run 2/ Contestant Testing
	TBD

	5:00
	Perform final daily data QA checks and test reporting (may start earlier if testing permits)

	Friday
	 
	 

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Backup Run 3/ Contestant Testing
	TBD

	9:00
	Backup Run 4/ Contestant Testing
	TBD

	10:00
	Backup Run 5/ Contestant Testing
	TBD

	11:00
	Backup Run 6/ Contestant Testing
	TBD

	12:00
	Lunch

	1:00
	Contestants pack up for shipping





[bookmark: _Toc466294606]Experimental Set Up and Methods
[bookmark: _Toc466294607]Mooring

The mooring for the DUO was for station-keeping purposes only and was not part of the power conversion chain.  The mooring arrangement selected for the test at Carderock is a 3-line catenary system at 120 degree spacing, as shown in Figure 9.
The mooring could be orientated in any direction to accommodate the Carderock tank and the platform setup for the trench.  The chosen orientation for mooring line “M1” is for the zero degree wave headings.
[image: ]
[bookmark: _Ref452286915][bookmark: _Toc466294650]Figure 9. Mooring arrangement of a 3-line catenary system at 120 degree spacing.
For the 6.1m water depth at MASK, the touchdown point for the mooring line was estimated to be 6m from the fairlead connection at the side of the 1/20 model (0.65m from the center line), as shown in Figure 10.  A further 18m of chain laid along the bottom of the tank for the M1 and M3 mooring lines.  The length of chain for M2 was shortened to accommodate any length restrictions in relation to the temporary trench platform.  
[image: ]
[bookmark: _Ref452286988][bookmark: _Toc466294651]Figure 10. Mooring arrangement of touchdown point of mooring chain.

[bookmark: _Toc466294608]Mooring load cell
The peak mooring loads expected for the testing of the 1/20 model of the DUO in the 6.1m deep test tank at Carderock are less than 140N, therefore, the load cells with a capacity of 100lbs (446N) / Part number 99-5064-0002 was selected for the testing.  The expected loads were derived from the results of the tank testing of the 1/50 model at the University of Iowa in December 2015 and numerical modelling of the interaction of the mooring lines with the DUO using Wood Group Kenny’s Flexcom software.
The Carderock provided load cells were connected to the mooring chain, approximately 100mm from the connection point located near to the deck of the Float.  The connection points for the mooring chain to the Float are shown in the picture in Figure 8. 
Further details of the 1/20 scale instrumentation are outlined in Appendix F.
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This section details the Power Take-off (PTO) and Control instrumentation that Sea Potential used for its 1/20 scale testing at MASK. 
A picture of the instrumentation as installed in the 1/20 scale DUO is shown in Figure 8.  Further details of the electrical and data acquisition system are provided in Appendix A.
The following instruments were used to measure the kinematic and dynamics sides of the power conversion in the 1/20 model of the DUO:
· Omega load cells (Ram Load Cells) and Tecsis load cells (Line Load Cells) measured the damping force for the dynamic side for the power conversion calculation.
· The string pull-potentiometers measured the displacement of the piston of the Linmot motor that were used to calculate the velocity for the kinematic side of the power conversion calculation.
The Tecsis load cells (Line Load Cells) were connected to the top cable and measured both the PTO damping force and the spring force.  The total energy extraction from the DUO using the tecsis load cells can be calculated by integrating the product of the force (measured by the load cell) and displacement (measured by the displacement sensor). However, care should be taken in calculating the average power capture using this load cell since the energy extraction includes energy that is stored in the spring.  To eliminate the effect of the energy stored in the spring the energy extraction should be calculated between two moments when the displacement of the DUO is the same. The average power capture can then be calculated by dividing the total energy extraction by the time over which the energy extraction was calculated.
The Omega load cells (Ram Load Cells) were connected between the piston of the Linmot motor and the spring bracket and only measured the PTO damping force.  Therefore, the total energy extraction from the DUO using the Omega load cells can be calculated by integrating the product of the force (measured by the load cell) and displacement (measured by the displacement sensor). No additional information on the position of the springs is required.
The use of two load cells on each PTO module for the power calculation on the 1/20 model of the DUO is employed to mitigate risks associated with specific requirements for the testing at Carderock for the “Wave Energy Prize” competition.  For example, if a load cell is damaged during installation of the 1/20 model there were be a backup load cells for the power conversion calculation to determine the ACE metric.
Post Test Notes for 6.2
Since the Ram Load Cells failed the spot checks, the Line Load Cells were used for all prize power calculations. For the power calculation, the spring force was subtracted from the measured Line Load Cell force in order to determine the dynamic side of power. See additional notes in Sections 4.1/4.6/6.2/Appendix F/Appendix G.
[bookmark: _Toc466294610]PTO and Control Instrumentation 
[bookmark: _Ref456789479]
The Sea Potential provided sensors used on the 1/20 scale DUO model are shown in Table 5. More information about the 1/20 scale instrumentation are outlined in Appendix F. 
[bookmark: _Ref466294572][bookmark: _Toc466294637]Table 5. Sea Potential Sensors
	Sensor
	Model
	No
	Connection
	Data sheet

	Load cells
	LC202-300 & LC202-500
Tecsis XLU68F (SPL)- 500 LB
	3

3
	Carderock

Carderock
	LC202.pdf

tecsis

	String-pull potentiometer
	SPD-12-3
	3
	Carderock
	SPD.pdf

	Tachogenerator
	DCX 26 L
	3
	DUO
	DC-x spec_MAXON.pdf



The expected peak load measured by the Omega load cells was 800N, which is the maximum force that the Linmot system could supply.  The LC202-500 has a maximum load rating of 2,224 N, together with a 150% of its capacity safe overload and was selected on this basis.  The LC202-300 load cells (available as spare load cells for the testing at MASK) have a maximum load rating of 1,334 N and are also suitable for the measurement of the expected loads.
The expected peak load measured by the Tecsis load cells is less than 2,300N, which is based on the maximum force that the Linmot can supply (800N) and a maximum extension of the springs of 120mm, which have a nominal spring stiffness of 12.5 N/mm.  The maximum extension calculated from the numerical modelling was 100mm for the LIWS-8 sea state.  The Tecsis XLU68F (SPL)- 500 LB has a maximum load rating of 2,224 N, with an additional safe factor, that caters for the load measurement range.
A string-pull potentiometer was chosen to measure displacement. The actual model chosen was the SPD-12-3 supplied by Celesco, which has a maximum stroke of 300 mm.  As explained above, the maximum stroke calculated using the numerical models was 100mm.
Based on discussions with Maxon, the selection of the DCX 26 L tachogenerator was identified as being able to provide a suitable accuracy level for our application.  Other options were preferred but had a 3 month lead time and therefore, the availability of the DCX 26 L was the main reason for its selection.
Details of the sensors and associated calibrations are provided in Appendix F and Appendix G.
Post Test Notes for 6.2.1
The spring stiffness for each PTO was determined via additional spot checks. See notes Appendix F for more details.
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The Carderock provided Natural Point motion tracking system was mounted directly on the Float. Sea Potential was responsible for providing mounts for the Carderock motion tracking system, and Carderock was responsible for installation of the motion tracking system.

[bookmark: _Toc446000982][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][bookmark: _Toc466294612]Data Processing and Analysis
[bookmark: _Toc466294613]Data quality assurance and on-site processing
Data collection will start 2 minutes before waves are started and continue for at least 2 minutes once wave generation stops. This will ensure that the data captures the initial conditions and ramp-up/down.
“Raw” data from the Natural Point motion tracking and from the National Instruments (NI) measured power/loads/etc are collected on two different systems and stored in separate text files. The motion tracking data are stored in a CSV file while the data from NI Data Acquisition System (DAS) are stored in a tab delimited text file.
[bookmark: _Toc466294614]Data analysis
The data processing and analysis is into two parts: 1) data quality assurance (QA) that will ensure that quality, consistent and error free data are used in data analyses and 2) data analysis to calculate the performance metrics used in judging. The data flow and processing steps are shown in Figure 11, and the calculated values for the data analysis are provided in Appendix J. 
Post Test Analysis
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[bookmark: _Ref450208127][bookmark: _Toc466294652]Figure 11. Data flow and processing steps
 The objective of the data quality check is to detect and eliminate as many significant errors from the data as soon as possible, and to come to an overall assessment of the data quality.  The data QA shall be performed at three points during testing: 1) visually in “real time” during each test while data are collected, 2) during the interval after testing when the wave basin in settling and 3) when data are analyzed. It is critical to identify any data issues as soon as possible so corrective action can be taken and a test rerun if necessary.
The DAs and Carderock will decide if a test needs to be rerun if they have determined the data is of sufficiently poor quality in terms of:
· The wave field did not sufficiently match the specified spectrum
· There were errors in the measurements due to such issues as sensor failure, connector failure, too high noise, etc.
· Failure or issues with the WEC 
· Fault with DAS
[bookmark: _Toc466294615]“Real Time” Data QA
To ensure data quality, to prevent re-running multiple tests, and to halt tests early, all channels shall be visually monitored during testing to provide a basic level of data quality assurance and to verify that all instruments and the data acquisition system are functioning properly. If bad data are detected, the test lead should be immediately notified, who will then decide what action needs to be taken. During each test the following QA should be performed:
· Operation and performance of the DAS should be monitored to verify that it has not locked up or faulted – make sure the DAS runs throughout the test by monitoring CPU load and data updates 
· Visual inspection of the data being displayed by the DAS, as they are gathered – the Carderock DAS will plot specific incoming data channels as they are acquired.
[bookmark: _Toc466294616]Settling Interval and Time between Test Data QA
After each test, while the basin settles and while the next test is set up (~20 min total), a more detailed data QA shall be performed to identify any issues before the next test starts. The DA will do their best to perform this task between runs, but if this is not possible, the QA will be completed during the subsequent run. If issues are detected with the data, these will be brought up to the test lead. The following tasks should be performed:
· Operation and performance of the DAS should be monitored to verify that it has not locked up or faulted
· Time series for each data channels should be plotted and inspected
· Data shall be processed to perform higher-level data QA
· Spectra should be calculated for waves, power and loads and plotted and inspected
· Wave spectra should be compared with baseline wave spectra 
· Periodic comparisons with baseline runs (as possible)
· Visual inspection of all wires, connectors and sensors should be performed (as possible)
· Visual inspection of device should be performed (as possible)
The first six bullets will be performed using pre-written scripts that interface with the Carderock DAS storage. These scripts will load the data, perform some processing, create figures for review, and identify any data of concern. 
[bookmark: _Toc453505726][bookmark: _Toc466294638]Table 6. QA Matrix
	
	
	Real Time via observation
	Settling Interval
	Post Test

	DAS malfunction
	Check for data acquisition failure or malfunctions
	X
	X
	

	Sensor malfunction
	Check for sensor failure or malfunctions
	X
	X
	

	Time difference
	Check the time difference between each measurement for consistency and against specifications and check for strange variations in time
	
	X
	X

	Error values/substitutes
	Identify error values/substitutes (i.e. “999” or “NaN”)
	X
	X
	X

	Constant value
	Repetitions of consecutive data with the same value (repeating standard deviations or offset).
	
	X
	X

	Completeness
	Check whether the number of records and their sequence is correction (identification of gaps, check for repetition)
	
	
	X

	Range /threshold 
	Check whether the data of each sensor lie within the measurement range of that sensor.
	
	X
	X

	Measurement continuity
	Compare the rate of change of a signal to expected/seasonally accepted values and between similar measurements that are collocated in close proximity
	
	X
	X

	Measurement Consistency
	comparison between statistics, such as the ratio of wave height to power
	
	
	X

	Near-by Comparison
	Comparison with  similar/duplicate  measurements that are collocated in close proximity
	
	
	X

	Spectral spikes
	Spikes in the spectral data
	
	X
	X

	Trends and inconsistencies
	Identify trends in data such as large drift in sensor output or inconstancies in sensor output for similar input 
	
	
	X
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Data are transferred from the Carderock systems (Natural Point and the NI DAS) to the DA computers via an optical media, likely a re-writable DVD or Blu-ray. Each disc will be labeled with the data, the team name and the included runs. Separate discs will be used for each team.
Data will be transferred to the DA computer and stored in separate directories for each team. As data are processed, the processed data, along with the processing algorithms will be stored on the DA computers. The “raw” data files SHALL not be altered by the DAs – if modifications are needed, a new file shall be created to do this, thus, preserving the original “raw” data file.
At lunch and at the end of each day, all data will be backed up to two separate hard drives and to the spare DA computer. One drive will remain at Carderock and the other will be stored at a separate location during evenings and weekends.
When DAs are using computers other than the DA computers, all analysis and algorithms will be backed up to two different jump drives at least once a day. Once analysis is complete, the DA will send one drive to the lead DA who will archive the raw and processed data on NREL’s secure data server. 
The teams will not be provided with any data from Carderock or the DAs – the PAT will facilitate data transfer to the teams.
The discs, DA computer, the redundant back-up drives, and storage on NREL’s secure server provide a high level of storage redundancy
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[bookmark: _Toc466294653]Figure 12: Line drawing of electrical and data acquisition system



[bookmark: _Ref445998133][bookmark: _Toc466294620]Appendix B: PTO calibration results
This section in not applicable to the PTO for the 1/20 model of the DUO wave energy converter.


[bookmark: _Ref445998143][bookmark: _Toc466294621]Appendix C: Device Froude scaling 

	Quantity
	Froude
Scaling
	Reynolds
Scaling

	wave height and length
wave period and time
wave frequency
power density
	S
s0.5
s-0.5
s2.5
	s
s2
s-2
s-2

	linear displacement
angular displacement
	S
1
	s
1

	linear velocity
angular velocity
	s0.5
s-0.5
	s-1
s-2

	linear acceleration
angular acceleration
	1
s-1
	s-3
s-4

	mass
force
torque
pressure
power
	s3
s3
s4
s
s3.5
	s3
1
s
s-2
s-1

	linear stiffness
angular stiffness
	s2
s4
	

	linear damping
angular damping
	s2.5
s4.5
	



Froude scaling R (Load), where lower case r is model scale and capital R is full scale:
Dynamic (force) to kinematic (velocity):

Dynamic (torque) to kinematic (angular velocity):

Dynamic (pressure) to kinematic (volumetric flow):



[bookmark: _Ref445998153][bookmark: _Ref445999478][bookmark: _Toc466294622]Appendix D: Detailed description of control strategy
The software and implemented control strategy of the DUO 20th scale model is described in the following notes.
1. Control Software/Hardware
a. National Instruments CompactRIO Real-time Controller
b. National Instruments Labview (v15.0 SP1)
i. Supplied to administrators in Project form
c. General Structure:
i. Software runs as native vi’s on the cRIO but is observed and parameters set via a computer connected via a standard network cable.
ii. Front-end GUI – Main v(x.x).vi
1. All user settable parameters are set within the GUI.
2. A number of subroutine (sub-vi’s) are called from the main vi during operation to:
a. Acquire sensor data
i. Load cell data (force)
1. Tension line load cells (if installed) 
2. Linear motor ram in-line load cells
ii. String-pull potentiometers (displacement)
iii. Tacho-generators (velocity)
iv. Apply offsets
b. Update offsets at zero (neutral, rest) position
c. Filtering options for raw data signals
d. Calculate demand damping force depending on selected strategy:
i. Constant force, or
ii. Linear damping (force/velocity ratio)
e. Control loop to achieve setpoint demand force
i. Various PID parameters for control loop
1. P,I,D Gains
2. Feed-forward option
3. Force limiters
a. Force range
b. Force ramp limiter
ii. Setpoint update rate, PID loop rate
Items in Red above are the only parameters that are modified during the prize testing, and are set once before the commencement of a particular sea-state. Note: The submitted software is the same software used during development and testing of the DUO device, hence it includes all the added functionality used for test purposes (data logging, chart displays, statistical displays etc). These can be observed during the prize trials but are not used for any other purpose.
Screenshots of the software are shown below and the parameters that were altered before commencement of a particular sea-state (highlighted in blue ).
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The following sections of code describe the fundamental damping force algorithm of the device:
[image: C:\ARR\Clients\Pure Marine Gen\Wave Energy Prize\20th scale model\LabView\Working\Working\Main\Support\Damping (SubVI) v4.0 - constant force.png]

[image: C:\ARR\Clients\Pure Marine Gen\Wave Energy Prize\20th scale model\LabView\Working\Working\Main\Support\Damping (SubVI) v4.0 - linear damping.png]
The calculated damping force (one for each PTO) is then requested from each linear motor via a scaled analogue output signal interface.

[image: C:\ARR\Clients\Pure Marine Gen\Wave Energy Prize\20th scale model\LabView\Working\Working\Main\Support\Damping (SubVI) v4.0 - setpoint loop.png]

The requested demand force (setpoint) to each linear motor is achieved via a control loop:

[image: C:\ARR\Clients\Pure Marine Gen\Wave Energy Prize\20th scale model\LabView\Working\Working\Main\Support\Damping (SubVI) v4.0 - PID loop.png]

The PID control output is calculated for each motor via the following algorithm:
[image: ]

The PID vi’s are supplied as part of the Labview software package. Autotune of the PID parameters is not performed during the prize trials, only during the development phase of the project.
2. Linear Motor Software
Each LinMot linear motor is controlled initially via proprietary software from Linmot. The following functionality is required and only prior to commencement of test runs:
1. Power ON
2. Homing (set motor rams to neutral position).
3. Go to initial position.
4. Enable Special Mode (current control) -  
a. Configures the motors to operate in current control mode via a +-10V analogue-in signal (from DUO controller).
b. Maximum demand current = 25A (governed by power supply rating).
c. Motor force constant = 32N/A
d. Hence force range = +- 800N 
5. Error acknowledge
[image: ]

All Linmot parameters can be demonstrated to administrators prior to test commencement. (Some functionality for motor control has also been included with the Labview control program via a digital IO interface).
[image: ]
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[bookmark: _Ref446001895]
[bookmark: _Toc466294623]Appendix E: Raw Data Channel list
Description of the 1:20 sensors provided by Carderock and Sea Potential 
	Instructions
	 
	 
	 
	 
	 
	 
	 

	Data File:
	 
	The name of the data file where the data resides 
	 
	 
	 
	 

	Channel Name:
	 
	The name of the data channel in the data file - if data are in a matrix, this is the index (column number) of the data in the matrix 
	 
	 

	Channel Title:
	 
	The common named use to refer to the data in the cannel
	 
	 
	 
	 

	Description:
	 
	Description of what is being measured/recorded
	 
	 
	 
	 

	Unit:
	 
	The unit of the measurement as output by the DAS
	 
	 
	 
	 

	Sensor
	 
	The name of the sensor. Please provide enough information so a reader can identify the specific type of sensor used
	 
	 

	Sample Rate
	 
	The sample rate of the data record 
	 
	 
	 
	 

	Scaling and Conversion Calculations
	Where the measured values was used
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 

	Data File
	Channel Name
	Channel Title 
	Description
	Unit
	Sensor
	Sample Rate
	Scaling and Conversion Calculations

	 
	Mooring1_LC
	Mooring Tension 1
	Measures mooring line tension
	N
	
	 50 Hz
	See data file for conversions used during testing

	 
	Mooring2_LC
	Mooring Tension 2
	Measures mooring line tension
	N
	
	 50 Hz
	

	 
	Mooring3_LC
	Mooring Tension 3
	Measures mooring line tension
	N
	
	 50 Hz
	

	
	WG1
	Wave Height 1
	Measures wave height
	M
	
	 
	

	
	WG2
	Wave Height 2
	Measures wave height
	M
	
	 
	

	
	WG3
	Wave Height 3
	Measures wave height
	M
	
	
	

	
	WG4
	Wave Height 4
	Measures wave height
	M
	
	
	

	
	WG5
	Wave Height 5
	Measures wave height
	M
	
	
	

	 
	WG6
	Wave Height 6
	Measures wave height
	M
	
	
	

	 
	WG7
	Wave Height 7
	Measures wave height
	M
	
	
	

	
	WG8
	Wave Height 8
	Measures wave height
	M
	
	
	

	
	PTO1_LC(a)
	Omega Load Cell PTO1 
	Measures PTO-1 damping force (Ram Load Cell 1)
	N
	LC202-500
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-1334N

	
	PTO2_LC(a)
	Omega Load Cell PTO2
	Measures PTO-2 damping force (Ram Load Cell 2)
	N
	LC202-500
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-1334N

	
	PTO3_LC(a)
	Omega Load Cell PTO3
	Measures PTO-3 damping force (Ram Load Cell 3)
	N
	LC202-500
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-13334N

	
	PTO1_LC(b)
	tecsis Load Cell PTO1 
	Measures PTO-1 damping & spring force (Line Load Cell 1)
	N
	XLU68f
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-2224N

	
	PTO2_LC(b)
	tecsis Load Cell PTO2
	Measures PTO-2 damping & spring force(Line Load Cell 2)
	N
	XLU68f
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-2224N

	
	PTO3_LC(b)
	tecsis Load Cell PTO3
	Measures PTO-2 damping & spring force (Line Load Cell 3)
	N
	XLU68f
	500Hz
	Gain 2mv/V, Offset TBC on site, 10V excitation, +/-10V analogue output to Sea Potential, +/-2224N

	
	PTO1_Disp
	String Pot PTO1
	Measures displacement of the Piston of the Limnot motor on PTO-1
	M
	SPD-12-3
	500Hz
	24V Power Supply, 0 – 10 V, 0 – 317 mm, Offset TBC on site

	
	PTO2_Disp
	String Pot PTO2
	Measures displacement of the Piston of the Limnot motor on PTO-1
	M
	SPD-12-3
	500Hz
	24V Power Supply, 0 – 10 V, 0 – 317 mm, Offset TBC on site

	
	PTO3_Disp
	String Pot PTO3
	Measures displacement of the Piston of the Limnot motor on PTO-1
	M
	SPD-12-3
	500Hz
	24V Power Supply, 0 – 10 V, 0 – 317 mm, Offset TBC on site

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


NOTE:  The offset for the Load cells and String Pot (SPD-12-3) were determined during the spot checks. The nominal gain was the same for each of the load cells and each of the string-pots. The offsets were different for each sensor.
[bookmark: _Ref446001928]
[bookmark: _Toc466294624]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA
Procedures for performing checks on the calibrations for the load cells and the string-pull potentiometers used for calculating the power capture of the 1/20 model of the DUO during testing at MASK are describes in this Appendix.
[bookmark: _Toc456881106][bookmark: _Toc466294625]Load Cell Spot Checks
While it is technically possible to spot-check the load cell calibrations with the PTO modules attached to the float assembly, from experience it is easier to individually test a PTO module as depicted in Figure 13. The PTO module is securely clamped to a table with the linear motor supported/clamped in a horizontal position. The linear motor piston is restrained with a strap (red strap in Figure 13) to a vertical post clamped to the table. Weights are then progressively hung from the shackle at the end of the rope (black) attached to the spring bracket and linear motor piston. Load cell signals are accessed via the same signal cables to be used in the tank tests.
Further details on the calibration and instrumentation checks conducted on the load cells are provided in Appendix G. 

[image: ]
[bookmark: _Ref457731354][bookmark: _Toc466294654]Figure 13: Spot-check of load cell calibration


[bookmark: _Toc456881120][bookmark: _Toc466294639]Table 7. Spot Check – Omega Load Cells (Ram Load Cells)
	Weight
(kg)
	Corresponding Load (N)
	Measured Voltage (V)
	Measured Load (N)

	0
	0.0
	
	

	10
	98.1
	
	

	20
	196.2
	
	

	40
	392.5
	
	

	82
	804.4
	
	

	
	
	
	




[bookmark: _Toc466294640]Table 8  Spot Check – Tecsis Load Cells (Line Load Cells)
	Weight
(kg)
	Corresponding Load (N)
	Measured Voltage (V)
	Measured Load (N)

	0
	0.0
	
	

	50
	490.5
	
	

	100
	981.0
	
	

	150
	1471.5
	
	

	210
	2060.1
	
	

	
	
	
	





[bookmark: _Toc456881107]

[bookmark: _Toc466294626]String-Pull Potentiometer Spot Checks
The calibration of the string-pull potentiometer is performed by measuring the distance from a reference point on the string pot to the attachment of the string pot using a ruler or Vernier calipers and recording the associated voltage.  This can be undertaken separate or in-situ from the PTO module.
Further details on the calibration and instrumentation checks on the string-pull potentiometers is provided in Appendix G. 

[bookmark: _Toc456881121][bookmark: _Toc466294641]Table 9. Spot Check – String-Pull Potentiometers
	Applied Displacement (mm)
	Measured Voltage (V)
	Measured Displacement (m)

	0
	
	

	100
	
	

	200
	
	

	300
	
	

	
	
	



Post Test Notes for Appendix F 
Since the Ram Load Cells failed the spot checks, the Line Load Cells were used for all prize power calculations. Due to the mounting location of the Line Load Cells, the measured force included both the spring and damping forces. For the prize power calculation, the spring force was subtracted from the Line Load Cell measured force. The subtracted spring force was calculated in post processing by F_spring = kx, where k = spring stiffness and x = displacement.  Additional spot checks were performed to characterize the spring stiffness for each PTO. Each of the springs were found to have a linear stiffness value with an R^2 value greater than 0.99, thus demonstrating their linearity. The results of the spring stiffness spot checks are included in the ‘Sensor Check Results’ tab of the results spreadsheet. See additional notes in Sections 4.1/4.6/6.2/Appendix F/Appendix G.



[bookmark: _Ref446001944][bookmark: _Toc466294627]Appendix G: Team provided sensors – specifications and calibrations
[bookmark: _Toc466294628]Sea Potential Sensors for Power Capture Calculations
The load cells and spring pull potentiometers installed on the PTO modules are used for the power capture calculations on the 1/20 model of the DUO.
Two load cells are installed per PTO module (for redundancy and in the event that spot-checks of the calibrations indicate deviations outside of the acceptable limits).
1. An Omega load cell is attached mechanically between the spring bracket and the load cell piston. This measures the damping force applied by the linear motor only. (Ram Load Cell)
2. A Tecsis load cell is attached in-line on the rope between the spring bracket and the lever arm. This measures the aggregate force in the system i.e includes spring forces and all system friction forces. (Line Load Cell)
Either load cell can be used for the power calculation and for control of the device during trials. 
Details of the calibration and instrumentation checks performed by University of Maine are provided in the attached document “Sea Potential Test Plan_Appendix H_Sea Potential Instrumentation checks - University of Maine_July2016”
Post Test Notes for Appendix G
Since the Ram Load Cells failed the spot checks, the Line Load Cells were used for all prize power calculations. See additional notes in Sections 4.1/4.6/6.2/Appendix F/Appendix G.

[bookmark: _Toc466294629]Load cell
Each load cell comes with a NIST certificate and an example of the NIST certificate for an Omega LC202-500 load cells is shown in Figure 14. 
The Load cells were removed from the packaging and spot checks were undertaken by suspending measured weights from the load cells and recording the associated voltage.
The load cells were then connected into their respective measurement positions in the PTO system and spot checks on the calibration were undertaken.

[image: ]
[bookmark: _Ref457731888][bookmark: _Toc466294655]Figure 14  Example of NIST certificate for Omega load cell



[bookmark: _Toc466294630]String-pull potentiometer
The factory specifications for the string-pull potentiometer calibration (string pot) are shown in Figure 15.
The stated output signal of the SPP is 0 V at 0% stroke and 10 V at 100 % full stroke (range = 12.5” (317 mm)), as defined in the attached manufacturer specification from Celesco.  
The calibration checks undertaken by University of Maine are attached as “Appendix H_Calibration of Sea Potential Instrumentation - University of Maine”
The calibration was performed in-situ by disconnecting the eyelet from the PTO sting system and measuring the voltage at 0% stroke (0 mm), a measurement at 100 % stroke (317 mm), and at reference points in between.
Uncertainty in this calibration can be calculated by estimating the uncertainty in the use of the measuring instrument. A further check of the uncertainty could also be made by repeating the calibration a number of times and with different operators performing the calibration.




[image: ]
[bookmark: _Ref457732106][bookmark: _Toc466294656]Figure 15  Factory specifications for the string-pull potentiometer calibration


[bookmark: _Ref446345778][bookmark: _Toc466294632][bookmark: _Ref446000345]Appendix H: Data analysis details
The following time series will be plotted for each run and be available for viewing between runs (if time permits)
	Variable
	Definition
	Reference Formula
	Relevant Runs

	Displacement – Inertial Frame
	X is defined relative to the 0 deg wave heading, Z is upward and Y completes the right hand rule
	
	All

	Mooring Tension for each line
	The instantaneous value of the mooring tension for line j
	
	All

	Kinematic Power
	Kinematic Side of Power for PTO j
	
	All

	Dynamic Power
	Dynamic Side of Power for PTO j
	
	All

	Absorbed Power
	Absorbed power for PTO j
	
	All



The following variables will be calculated for each run and be available for viewing between runs (if time permits)
	Variable
	Definition
	Reference Formula
	Relevant Runs

	Wave PSD
	Spectral density of the water surface elevation 
	
	All

	Significant Wave Height
	Measured significant wave height 
	
where

	All

	Omni-Directional Wave Energy Flux
	Omni-Directional Wave Energy Flux 
	


	All

	Wave Energy Period
	Wave Energy Period 
	
	All

	Horizontal Displacement
	Horizontal displacement of the WEC from its at rest position
	
	All

	Mean
	The mean value of the mooring tension for line j
	
	All

	Standard Deviation
	The standard deviation of the mooring tension for each mooring line
	
	All

	Max
	The maximum value of the mooring tension of all mooring lines
	
	All

	Min
	The minimum value of the mooring of all mooring lines
	
	All

	Mean
	The mean value of the kinematic side of power for PTO j
	
	All

	Standard Deviation
	The standard deviation of the kinematic side of power for PTO j
	
	All

	Max
	The maximum value of the kinematic side of power
	
	All

	Min
	The minimum of the kinematic side of power for PTO j
	
	All

	Kinematic spectral density
	Spectral density of the kinematic side of power for PTO j
	
	All

	Mean
	The mean value of the dynamic side of power for PTO j
	
	All

	Standard Deviation
	The standard deviation of the dynamic side of power
	
	All

	Max
	The maximum value of the dynamic side of power
	
	All

	Min
	The minimum of the dynamic side of power
	
	All

	dynamic spectral density
	spectral density of the dynamic side of power, one for each power conversion chain of the WEC
	
	All

	Mean
	The mean value of the power
	
	All

	Standard Deviation
	The standard deviation of the power
	
	All

	Max
	The maximum value of the power
	
	All

	Min
	The minimum of the power
	
	All

	Absorbed power spectral density
	spectral density of the absorbed power, one for each power conversion chain of the WEC
	
	All
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