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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 WEPrize 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 WE 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 WE Prize 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: _Ref383053130][bookmark: _Toc383074400][bookmark: _Toc392854587][bookmark: _Toc425777632][bookmark: _Toc442202044][bookmark: _Toc465956130]Figure 1. General Schematic of bridge and MASK basin.
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[bookmark: _Ref429000481][bookmark: _Toc442202046][bookmark: _Toc465956131]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: _Toc465956132]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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[bookmark: _Ref429000536][bookmark: _Toc442202047][bookmark: _Toc465956133]Figure 4. General wavemaker characteristics and design
[bookmark: _Toc383074749][bookmark: _Toc392854667][bookmark: _Toc442202025][bookmark: _Toc465956086]MASK Orientation
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: _Toc465956134]Figure 5. MASK reference orientation, note that the orientation here is different than that in Figures 1 and 3. 
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[bookmark: _Toc465956088]Device description
Our basic device is a set of oscillating "inverted sails" that utilize the hydrodynamic forces of wave motion to generate rotational motion of the sails about their bottom-mounted 1-DOF hinges. This motion is then converted successively to hydraulic, mechanical and electrical power via hydraulic power chain equipment.  The sails are roughly triangular in shape, approximately 10m in height, and approximately 10m in width (at its maximum width), and will be modularly added to semi-submersible barges in quantities up to 24, to suit the needs of any particular deployment.  The elevation of the top of the sail versus the wave peak elevation will be varied according to the optimal height per the specific sea condition.  Elevation adjustments will be enabled by proprietary technology utilizing a taut-mooring line, suction cup-anchored mooring arrangement.   
[bookmark: _Toc465956089]Full Scale
For the purposes of the WEPrize, Harvest will assess a barge consisting of 6 sails, as shown in Figure 6 below.  Testing 6 sails allows for the inclusion of all possible sail-to-sail interferences without requiring superfluous model complications with additional sails.  
 [image: ]
[bookmark: _Ref456798387][bookmark: _Toc465956135]Figure 6: Harvest full scale, 6 sail configuration with support frame, sails and buoyancy tanks shown


[bookmark: _Toc465956090]1:20th Model Scale
The 1:20th scale model that was tested at MASK mimics, as closely as possible according to Froude scaling, the 6 sail barge arrangement described above, including 2 rows of 3 devices joined to a common substructure by their 1 DOF hinges.   Buoyancy tanks attached at the corners of the substructure provide the system with buoyancy that maintains the tautness of mooring lines under all conditions.  The sails are designed for a maximum rotation of +/- 20-degrees from the vertical axis in the primary direction.  
The final barge arrangement of 6 sails is shown in Figure 7. Full drawings with dimensions are provided in Appendix A: Device electrical and mechanical drawings.  Mooring and elevation adjustments are made through 8 taut mooring lines (2 per corner) sharing 4 fixed anchors placed on the wave tank basin floor.  
[image: ]
[bookmark: _Ref456798564][bookmark: _Toc465956136]Figure 7:  CAD Model of 1:20 Scale Device
During the week of June 12th, Harvest deployed a four-sail version of the device shown above at the University of Iowa in order to better identify the optimal spacing between the sails.  A photograph of that deployment is shown in Figure 8.  
[image: ]
[bookmark: _Ref456855700][bookmark: _Toc465956137]Figure 8:  Four sail, 1:20 scale assembly deployed June 12th at University of Iowa for pretesting/optimization 

[bookmark: _Ref457826540][bookmark: _Ref457826582][bookmark: _Toc465956091]Froude scaling
In order to achieve representative behavior of the scale model WEC, it is imperative that geometric and dynamic similitude is maintained between prototype and scale model.  As the primary geometric structure of the WEC is a large, rotating sail, geometric similitude requires exact scaling of the critical physical dimensions of the device’s sail, especially the frontal surface area.  Furthermore, in order to preserve geometric similarity of motion in the case of a rotating device, the angle of rotation in each cycle should be preserved between prototype and model.  In order to determine how to ensure this constraint Harvest will need to work with the non-dimensional form of Newton’s equation rotational motion as described below.  The standard dimensional form of the equation is given as:


  (1)   

Where θ is the angle from vertical, a is the moment of inertia of the sail and moving parts, b is the angular damping coefficient of the PTO (commonly referred to as Cpto herein), the first and second time derivatives of θ are the angular velocity and angular acceleration, respectively, and the Γ(t) is the fluid excitation force on the WEC.  One could note that to simplify the analysis and minimize the number of non-dimensional variables, gravity, buoyancy, added inertia, wave making resistance and viscous resistance forces have been excluded.  

Before proceeding with the derivation of the scaling laws, effects of not including the above in the analysis should be addressed.  First, Harvest believes it to be self-evident that dynamic similitude of buoyancy, gravity and added mass will be naturally achieved if dimensional, mass and centers of gravity and buoyancy are scaled according to the scaling factors.  Wave making resistance is naturally achieved with Froude number similarity as required to match wave conditions.  The only force that is not being included that has the potential to negatively impact dynamic similitude is the drag force, discussed below.  

To achieve dynamic similitude for drag one would ideally match the Reynolds’ Number of the rotational motion of the device.  This will not be possible while maintaining Froude number similarity.  Reynolds’ number being the ratio of inertial forces to viscous forces, one can see that at small Reynolds’ numbers, as would be the case for small scale models, viscous forces begin to have a disproportionally larger effect on model results.  That is, the effect of Drag will be overstated in the 1:20th scale model results leading to conservative results.  Sometimes a viscous resistance correction factor is applied to counteract this failure to maintain similitude, but information is lacking to be able to do so here.  For more see “The Hydraulics of Open Channel Flow” by Hubert Chanson [3]. It should be noted that others have taken and validated this approach to scale modeling applied to bottom hinged surge collectors, namely the references of [4], [5] and [6].  

Non-dimensional time and angle variables are defined in the following equation and substituted into the needed time derivatives:


                                                       .
In the above ω is the wave frequency.

Substituting these relations into equation (1):


.


This implies that the following quantities must remain constant from model to prototype to achieve the same geometric motion of the rotating device:

.

Noting that Froude scaling of wave generation requires and implies the following



where s is the scale factor.  Substituting these relations into equations (2) and (3):



These arguments require angular damping (Cpto) scaling by s4.5 and moment of inertia scaling by s5.  Upon extension of the above, the power output from the device will scale with s3.5.

The critical factors to making prototype predictions from a 1:20th scale model, are thusly, matching of the moment of the rotating inertia as closely as possible, and scaling Cpto values by a factor of s4.5.  Harvest hass matched as closely as possible the moment of inertia of the rotating parts.  The moment of inertia (about the axis of rotation) for the full-scale prototype will not only be the moment of inertia (MOI) of the sail device, but also the MOI of the PTO equipment attached near the top of the sail mast that moves with the sail.  In fact, the PTO equipment is expected to dominate the inertia term.  

For more information on scaling, please refer to Appendix C: Device Froude scaling.



[bookmark: _Toc465956092]Device properties
The primary system weights are provided in the detailed drawings included in the Appendix [REDACTED].  Materials for the 1:20th scale model were chosen to match as closely as possible the Froude scaling arguments presented previously.  The critical device dimensions include the dimensional lengths of the sail and mast, and the moment of inertia of the sail and PTO moving parts.  A photograph of a pretest check is shown in Figure 9  with comparison to the relevant dimension in the 1:20th CAD model [CAD DRAWING REDACTED].   The former is to be measured and verified by Carderock to ensure scaling was followed.  The latter is taken from Harvest 3-D Solid Models, a screen shot of which is provided in Figure 10, noting the mass calculated in CAD in comparison to that reported on the drawings of Appendix A: Device electrical and mechanical drawings [REDACTED].  
                [image: ]
[bookmark: _Ref457826006][bookmark: _Toc465956138]Figure 9:  Dimensional Check of Sail, 1:20th Scale Experimental Model Versus 1:20th Scale CAD
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[bookmark: _Ref457826459][bookmark: _Toc465956139]Figure 10:  Screenshot from CAD 3-D Model Calculation of Characteristic Properties
All dimensional and dynamic variables were scaled properly according to the definitions of Section 4.2, with the exception of the following minor deviations:
· The dimensional thickness of the sail material could not be scaled down appropriately (1:20), as no material is available in the required thickness and even if it were such a material would be too thin to allow for assembly and operation.  Carbon fiber was chosen for the model scale sail materials as it provided the least possible thickness while maintaining the rigidity needed to mimic full scale structural stiffness.   
· The semi-submersible barge frame and buoyancy tank masses were not able to be scaled down exactly as no materials were available that would allow for simultaneous matching of both buoyant force and gravitational force.  Harvest has adjusted both to maintain the buoyancy/weight ratio between model and prototype while utilizing convenient materials for the buoyancy tanks (PVC).  Harvest do not consider this a critical scaling factor as our device was 45-degree taut moored and its motion is expected and intended to be minimal in all cases.  
· Harvest used steel rope (3/16”) for the model mooring lines which is not intended to be a scaled representative of the actual mooring lines.  Actual mooring lines would more than likely be a polyester line of unknown thickness, TBD upon detailed engineering.  
Table 1, provides the overall dimensions and mass properties of the 1:20 scale Harvest device that was tested at Carderock.
[image: ]
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[bookmark: _Ref456858551][bookmark: _Toc465956124]Table 1. List of Key Dimensions and Characteristics [MEASUREMENTS REDACTED]
	
	Measurement
	Description
	Verified at Carderock
	Measured by Team
	Prototype Value
	Model Value

	Sail Dimensions 
	PTO takeoff elevation (m)
	Relative to pivot
	
	
	
	

	
	Max Width of collecting surface (m)
	Perpendicular to wave travel
	
	
	
	

	
	Height of collecting surface (m)
	
	
	
	
	

	Barge Dimensions
	Width of barge (m)
	Perpendicular to wave travel
	
	
	
	

	
	Length of barge (m)
	In direction of wave travel
	
	
	
	

	Total Structural Components Characteristics - 

	Mass (kg)
	
	
	
	
	

	Center of gravity (m above S.L.)
	
	
	
	
	

	Center of buoyancy (m above S.L.)
	
	
	
	
	

	Moment of inertia (About CoG)
	pitch (kgm2)
	Axis perpendicular to wave travel, through CoG
	
	
	
	

	
	roll (kgm2)
	Vertical Axis, through CoG
	
	
	
	

	
	yaw (kgm2)
	Axis in direction of wave travel, through CoG
	
	
	
	

	Draft (static waterline) (m)
	
	
	
	
	

	Single Flap + Moving PTO Parts Characteristics

	Center of gravity (m above pivot)
	
	
	
	
	

	Center of buoyancy (m above pivot)
	
	
	
	
	

	Moment of inertia (About Pivot)
	pitch (kgm2)
	Axis perpendicular to wave travel, through pivot
	
	
	
	

	
	roll (kgm2)
	Vertical Axis, through pivot
	
	
	
	

	
	yaw (kgm2)
	Axis in direction of wave travel, through pivot
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N/A
[bookmark: _Ref456855890][bookmark: _Toc465956094]Power Take-Off description
The conceptualized full-scale Power Take-Off (PTO) systems will encompass hydraulic rams, accumulator tanks, hydraulic motors and electrical alternators and transformers converting the rotational motion of individual sales into a single electrical output for transmission to the mainland via high-voltage transmission cables.  Power is primarily absorbed through sets of hinged hydraulic rams connected to both the rotating sails and the structural frame providing pressurized fluid to the connected power conversion chain equipment.  In order to achieve the WEPrize objective of measuring this absorbed power the following model-scale PTO was invented.  
The individual PTOs consist of linkages, gearing and instruments connecting the tops of the sails to the structural frame of the semi-submersible barge.  As the sails rotate, moving gear racks travel horizontally back and forth through their range of motion.  The gear rack is in contact with a main gear rigidly attached to the shaft of a rotary damper providing resistance to motion in proportion to the horizontal velocity of the gear rack.  The main gear rack is meshed with a secondary gear rigidly attached to the shaft of a rotary potentiometer, allowing for the measurement of the kinematic motion.  A load cell is placed between the gear rack and sail, subject to the wave force and resistive force of the damper, allowing for the measurement of force, the dynamic component of the energy being absorbed by the PTO.  
Figure 11 displays the primary components of the PTO system that are used and are included on all 6 sails tested.  The sail to load cell and load cell to gear rack connections are pinned hinge connections allowing free movement upon one axis.  The setup captures the energy of the pitching motion of the sail only.  
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[bookmark: _Ref456860245][bookmark: _Toc465956140]Figure 11:  Power Take Off Subassembly Components
The as built PTO assembly is shown as a photograph of the 1:20 scale model in Figure 12.
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[bookmark: _Ref456859022][bookmark: _Toc465956141]Figure 12: Photograph of PTO subassembly for 1:20 scale model

Post Test Notes for Section 4.5
In order to account for the change in the load cell angle as the sails rotated, an additional post-processing script was used so that only the force component in the direction of the position measurement was used for the overall power calculation. 
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The control strategy is to adjust the Cpto value between runs to maximize the average power absorbed by the device for the specific wave condition.  Optimal Cpto values were determined in wave tank tests in June and were carried forward to the Carderock testing.  This was manually implemented control on a sea-state by sea-state basis (no real-time control). In order to adjust the applied damping, the rotary dashpots, sourced from Kinetrol, was manually adjustable with a turn down of 10:1.  



[bookmark: _Toc446000967][bookmark: _Toc446001112][bookmark: _Toc446002755][bookmark: _Toc446002908][bookmark: _Toc446003054][bookmark: _Toc445999145][bookmark: _Toc446000968][bookmark: _Toc446001113][bookmark: _Toc446002756][bookmark: _Toc446002909][bookmark: _Toc446003055][bookmark: _Toc465956096]Test Matrix and Schedule
[bookmark: _Toc465956097]Test matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK are shown in Table 2.  Carderock performed wave environment calibration in Summer 2016. 
[bookmark: _Ref450041064][bookmark: _Toc449994483][bookmark: _Toc465956125]Table 2. 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: _Toc465956098]Test schedule
[bookmark: _Ref445998187][bookmark: _Toc449994484]The 1/20 scale testing schedule is shown below in Table 3.
[bookmark: _Ref465936697][bookmark: _Toc465956126]Table 3. 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



Post Test Notes for Section 5.2
The test schedule was modified, because, after several attempts, Harvest was only able to complete IWS5 on the last day of testing. Please refer to the test results spreadsheet for a list of waves that were run and the order in which they were run. 


[bookmark: _Toc465956099]Experimental Set Up and Methods
On each of the 6 oscillating surge collectors, the PTO linear force and displacement were measured for a total of 12 signals were processed with the data acquisition system. 
Via signal processing, the displacement signaled by the rotary potentiometer was converted into angular velocity, then a linear velocity, and used to calculate power absorbed by multiplication with the force measurement.  To convert from rotational displacement to linear displacement the data acquisition system will multiply the angle of rotation (in radians) by the secondary gear radius (12.5mm).  
[bookmark: _Toc465956100]Mooring
The mooring of our full-scale device was by two (2) mooring lines at each corner, with potentially additional lines attached at intermediary points along the barge depending on how many sails are deployed.  The WEPrize 1:20th scale, 6-sail device was primarily moored by four (4) taut mooring lines, attached to each corner of the semi-submersible barge, attached to four anchors attached to the wave basin floor.  These 4 mooring lines were of rotation and corrosion resistant, 3/16” stainless steel wire rope with a capacity of 650 lbs at a safety factor of 5.  Harvest expects maximum forces on each of the anchors of 200 lbs.  To prevent lateral movement of the anchor lines, anchor weights were fixed to the bottom and of of sufficient weight and static friction to prevent sliding.  Figure 13 below shows the Carderock proposed anchoring arrangement.  [image: ]
[bookmark: _Ref456862374][bookmark: _Toc465956142]Figure 13:  Carderock supplied anchoring arrangement (4 were supplied)
The tensioning system conceptualized to enable surface transit and semi-submerged operation is shown in Figure 14.

[image: ][image: ]
[bookmark: _Ref456862380][bookmark: _Toc465956143]Figure 14: In-transit and Operational Taut Line Tensioning Arrangement
The 4 primary mooring lines were attached to the Carderock supplied load cell with a Harvest supplied swivel eye.  In addition to the 4 primary tensions lines Harvest utilized 4 positioning lines under minimal initial tension but are expected to pick up additional tension as waves move past the model device.  These lines were also attached to the swivel eyes attaching to the load cells and concluded at the opposite corner of the semi-submersible barge.  Dimensions for the placement of the anchors are shown in 
Figure 15.
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[bookmark: _Ref457821883][bookmark: _Toc465956144]
Figure 15:  Model scale mooring line arrangement and anchor locations, elevation and plan, with dimensions in mm.
[bookmark: _Toc446000974][bookmark: _Toc446001119][bookmark: _Toc446002762][bookmark: _Toc446002915][bookmark: _Toc446003061][bookmark: _Toc446000975][bookmark: _Toc446001120][bookmark: _Toc446002763][bookmark: _Toc446002916][bookmark: _Toc446003062][bookmark: _Toc446000976][bookmark: _Toc446001121][bookmark: _Toc446002764][bookmark: _Toc446002917][bookmark: _Toc446003063][bookmark: _Toc465956101]Instrumentation
The team provided instruments were the linear load cells and the rotary potentiometers attached to the PTO of each oscillating sail.  The specification sheets for each of these instruments are provided in Appendix G: Team provided sensors – specifications and calibrations.  The load cells are of stainless steel construction and fully potted to IP67.  The rated capacity of the load cells, at 50 lbs under both tension and compression, provides plenty of margin above the expected maximum force of 30 lbs.  The 10-turn, 10-k ohm potentiometers have also been fully potted to IP67 and allow for a linear motion of 70mm, well above our expected maximum motion of +/- 30mm.  All of the instrumentation provided has been spot checked for suitability prior to shipping.  The expected forces have been found with pre-testing at 1:20 scale and motions are limited by hard stops on the motion range.  
Post Test Notes for Section 6.2
Physical end stops were added by the team during testing. Please refer to the test results spreadsheet notes to see a log of end stop impacts and the addition of a physical end stop. During survival mode, the flaps were physically located at their center position.
[bookmark: _Toc465956102]PTO instrumentation 
Refer to Section 4.5 for details about the design of the PTO system. This section is focused on PTO instrumentation to measure the kinematic and dynamic sides of power.
The 10-turn, 10-k ohm rotary potentiometer sensed the angle of rotation of the potentiometer gear.  The measured angle of rotation was converted into a linear displacement, and then a linear velocity, in post processing.  To convert from rotational displacement to linear displacement one multiplies the angle of rotation (in radians) by the potentiometer gear radius (12.5mm).  The range of motion is equivalent to approximately 7 turns of the potentiometer.  NIST traceable calibration charts are found in the Appendix G: Team provided sensors – specifications and calibrations.   
 The linear load cell was the 1-800-Load-Cel brand XTS4-SS Overload Protected S-type Load Cell with a capacity of 50 pounds, and returned a voltage proportional to the compression or tension load on the cell.  NIST traceable calibration charts are found in the Appendix G: Team provided sensors – specifications and calibrations.   
Post Test Notes for Section 6.2.1
Please refer to the note on the load cell angle in Section 4.5
[bookmark: _Toc465956103]Mooring instrumentation
In addition, Carderock provided the 4 load cells measuring tension in the mooring lines. They have chosen the Tecsis brand button load cell Model # 99-5064-004 with a maximum rating of 500 lbs.  This selection provides plenty of margin above the maximum expected loads of 200 lbs per load cell. 
[bookmark: _Toc446000979][bookmark: _Toc446001124][bookmark: _Toc446002766][bookmark: _Toc446002919][bookmark: _Toc446003065][bookmark: _Toc446000980][bookmark: _Toc446001125][bookmark: _Toc446002767][bookmark: _Toc446002920][bookmark: _Toc446003066][bookmark: _Toc465956104]Motion tracking instrumentation
The Carderock provided Natural Point motion tracking system was mounted directly on each of the flaps. Harvest Wave Energy was responsible for providing mounts for the Carderock motion tracking system, and Carderock was responsible for installation of the motion tracking system
[bookmark: _Toc465956105]Deployment
Harvest provided specialized model attachments to aid in deployment.  Similar attachments were utilized the University of Iowa where Harvest tested our 1:20th scale device in a 4-flapper barge arrangement, as shown in Figure 16.  
 [image: ]Lift Points (4)
Wire ropes (4)
Special Model Attachment

[bookmark: _Ref457825175][bookmark: _Toc465956145]Figure 16:  Deployment of 1:20 scale device using Harvest provided special attachments at the University of Iowa.
Once in the water, the device should float freely and towed to the deployment location.   
[bookmark: _Toc446000982][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][image: ]
[bookmark: _Toc465956146]Figure 17: 1:20th Scale, 4-Sail Device Floating at the University of Iowa

[bookmark: _Toc465956106]Data Processing and Analysis
[bookmark: _Toc465956107]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: _Toc465956108]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 18, and the calculated values for the data analysis are provided in Appendix J. 
Post Test Analysis
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[bookmark: _Ref450208127][bookmark: _Toc465956147]Figure 18. 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: _Toc465956109]“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: _Toc465956110]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: _Toc465956127]Table 4. 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







[bookmark: _Toc446000984][bookmark: _Toc446001129][bookmark: _Toc446002771][bookmark: _Toc446002924][bookmark: _Toc446003070][bookmark: _Toc445973024][bookmark: _Toc445973187][bookmark: _Toc445995715][bookmark: _Toc445995844][bookmark: _Toc445995974][bookmark: _Toc445996104][bookmark: _Toc445996236][bookmark: _Toc445999156][bookmark: _Toc446000985][bookmark: _Toc446001130][bookmark: _Toc446002772][bookmark: _Toc446002925][bookmark: _Toc446003071][bookmark: _Toc445973025][bookmark: _Toc445973188][bookmark: _Toc445995716][bookmark: _Toc445995845][bookmark: _Toc445995975][bookmark: _Toc445996105][bookmark: _Toc445996237][bookmark: _Toc445999157][bookmark: _Toc446000986][bookmark: _Toc446001131][bookmark: _Toc446002773][bookmark: _Toc446002926][bookmark: _Toc446003072][bookmark: _Toc445973026][bookmark: _Toc445973189][bookmark: _Toc445995717][bookmark: _Toc445995846][bookmark: _Toc445995976][bookmark: _Toc445996106][bookmark: _Toc445996238][bookmark: _Toc445999158][bookmark: _Toc446000987][bookmark: _Toc446001132][bookmark: _Toc446002774][bookmark: _Toc446002927][bookmark: _Toc446003073][bookmark: _Toc445973027][bookmark: _Toc445973190][bookmark: _Toc445995718][bookmark: _Toc445995847][bookmark: _Toc445995977][bookmark: _Toc445996107][bookmark: _Toc445996239][bookmark: _Toc445999159][bookmark: _Toc446000988][bookmark: _Toc446001133][bookmark: _Toc446002775][bookmark: _Toc446002928][bookmark: _Toc446003074][bookmark: _Toc445973028][bookmark: _Toc445973191][bookmark: _Toc445995719][bookmark: _Toc445995848][bookmark: _Toc445995978][bookmark: _Toc445996108][bookmark: _Toc445996240][bookmark: _Toc445999160][bookmark: _Toc446000989][bookmark: _Toc446001134][bookmark: _Toc446002776][bookmark: _Toc446002929][bookmark: _Toc446003075][bookmark: _Toc445973029][bookmark: _Toc445973192][bookmark: _Toc445995720][bookmark: _Toc445995849][bookmark: _Toc445995979][bookmark: _Toc445996109][bookmark: _Toc445996241][bookmark: _Toc445999161][bookmark: _Toc446000990][bookmark: _Toc446001135][bookmark: _Toc446002777][bookmark: _Toc446002930][bookmark: _Toc446003076][bookmark: _Toc445973030][bookmark: _Toc445973193][bookmark: _Toc445995721][bookmark: _Toc445995850][bookmark: _Toc445995980][bookmark: _Toc445996110][bookmark: _Toc445996242][bookmark: _Toc445999162][bookmark: _Toc446000991][bookmark: _Toc446001136][bookmark: _Toc446002778][bookmark: _Toc446002931][bookmark: _Toc446003077][bookmark: _Toc445973031][bookmark: _Toc445973194][bookmark: _Toc445995722][bookmark: _Toc445995851][bookmark: _Toc445995981][bookmark: _Toc445996111][bookmark: _Toc445996243][bookmark: _Toc445999163][bookmark: _Toc446000992][bookmark: _Toc446001137][bookmark: _Toc446002779][bookmark: _Toc446002932][bookmark: _Toc446003078][bookmark: _Toc445973032][bookmark: _Toc445973195][bookmark: _Toc445995723][bookmark: _Toc445995852][bookmark: _Toc445995982][bookmark: _Toc445996112][bookmark: _Toc445996244][bookmark: _Toc445999164][bookmark: _Toc446000993][bookmark: _Toc446001138][bookmark: _Toc446002780][bookmark: _Toc446002933][bookmark: _Toc446003079][bookmark: _Toc445973033][bookmark: _Toc445973196][bookmark: _Toc445995724][bookmark: _Toc445995853][bookmark: _Toc445995983][bookmark: _Toc445996113][bookmark: _Toc445996245][bookmark: _Toc445999165][bookmark: _Toc446000994][bookmark: _Toc446001139][bookmark: _Toc446002781][bookmark: _Toc446002934][bookmark: _Toc446003080][bookmark: _Toc445973034][bookmark: _Toc445973197][bookmark: _Toc445995725][bookmark: _Toc445995854][bookmark: _Toc445995984][bookmark: _Toc445996114][bookmark: _Toc445996246][bookmark: _Toc445999166][bookmark: _Toc446000995][bookmark: _Toc446001140][bookmark: _Toc446002782][bookmark: _Toc446002935][bookmark: _Toc446003081][bookmark: _Toc465956111]Data Management
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 Bluray. 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 provides a high level of storage redundancy.
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[bookmark: _Ref445998114][bookmark: _Toc465956113]Appendix A: Device electrical and mechanical drawings 
See PDF Version.  All dimensioned drawings are confidential and shall be redacted from public versions of this document. [REDACTED]

[bookmark: _Ref445998133][bookmark: _Toc465956114]Appendix B: PTO calibration results

Not required for Harvest Wave Energy PTO and control system, per WEPrize judges.


[bookmark: _Ref445998143][bookmark: _Toc465956115]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: _Toc465956116]Appendix D: Detailed description of control strategy
Not Applicable.
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[bookmark: _Ref446001895][bookmark: _Toc465956117]Appendix E: Raw Data Channel list
Description of the 1:20 sensors provided by Carderock and Harvest Wave Energy 
	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 will be 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
	

	 
	Mooring4_LC
	Mooring Tension 4
	 Measures mooring line tension
	N
	 
	 50 Hz
	

	
	WG1
	Wave Height 1
	Measures wave height
	m
	 
	  50 Hz
	

	
	WG2
	Wave Height 2
	Measures wave height
	m
	 
	 50 Hz
	

	 
	WG3
	Wave Height 3
	Measures wave height
	m
	
	 50 Hz
	

	 
	WG4
	Wave Height 4
	Measures wave height
	m
	
	 50 Hz
	

	
	WG5
	Wave Height 5
	Measures wave height
	m
	
	 50 Hz
	

	
	WG6
	Wave Height 6
	Measures wave height
	m
	
	  50 Hz
	

	
	WG7
	Wave Height 7
	Measures wave height
	m
	
	 50 Hz
	

	
	WG8
	Wave Height 8
	Measures wave height
	m
	
	 50 Hz
	

	
	PTO1_LC
	Load Cell PTO1
	Force
	N
	QA026933
	 50 Hz
	3.0017 FS mv/V

	
	PTO1_Disp
	Rotary Potentiometer  PTO1
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-1
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO2_LC
	Load Cell PTO2
	Force
	N
	QA026917
	  50 Hz
	3.0027 FS mv/V

	
	PTO2_Disp
	Rotary Potentiometer  PTO2
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-2
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO3_LC
	Load Cell PTO3
	Force
	N
	J634819
	 50 Hz
	3.0010 FS mv/V

	
	PTO3_Disp
	Rotary Potentiometer  PTO3
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-3
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO4_LC
	Load Cell PTO4
	Force
	N
	QA026936
	 50 Hz
	3.0012 FS mv/V

	
	PTO4_Disp
	Rotary Potentiometer  PTO4
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-4
	  50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO5_LC
	Load Cell PTO5
	Force
	N
	QA026935
	 50 Hz
	3.0004 FS mv/V

	
	PTO5_Disp
	Rotary Potentiometer  PTO5
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-5
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO6_LC
	Load Cell PTO6
	Force
	N
	S4028596A
	 50 Hz
	3.0042 FS mv/V

	
	PTO6_Disp
	Rotary Potentiometer  PTO6
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-6
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO7_LC
	Load Cell PTO1
	Force
	N
	J634820
	 50 Hz
	2.993 FS mv/V

	
	PTO7_Disp
	Rotary Potentiometer PTO1
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-8
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO8_LC
	Load Cell PTO2
	Force
	N
	M2A076802
	  50 Hz
	3.0070 FS mv/V

	
	PTO8_Disp
	Rotary Potentiometer PTO2
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-9
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO9_LC
	Load Cell PTO3
	Force
	N
	M2A076801
	 50 Hz
	3.0000 FS mv/V

	
	PTO9_Disp
	Rotary Potentiometer PTO3
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-10
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO10_LC
	Load Cell PTO4
	Force
	N
	QA026920
	 50 Hz
	3.0000 FS mv/V

	
	PTO10_Disp
	Rotary Potentiometer PTO4
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-11
	  50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO11_LC
	Load Cell PTO5
	Force
	N
	QA026934
	 50 Hz
	2.9931 FS mv/V

	
	PTO11_Disp
	Rotary Potentiometer PTO5
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-12
	 50 Hz
	V/VFS * 10* 2pi * 12.5

	
	PTO12_LC
	Load Cell PTO6
	Force
	N
	QA026918
	 50 Hz
	2.9997 FS mv/V

	
	PTO12_Disp
	Rotary Potentiometer PTO6
	Rotary displacement converted to linear
	mm
	84A1A-B28-J15L-13
	 50 Hz
	V/VFS * 10* 2pi * 12.5




[bookmark: _Ref446001928][bookmark: _Toc465956118]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA
Spot checks were used to ensure accurate calibration of instruments including all six load cells and all six potentiometers.   
[bookmark: _Toc465956119]Load Cell Spot Checks
To spot check the load cell in tension, Carderock rotated each of the PTO assemblies 90-degrees upon its attachment to the barge so that is oriented vertically, placed a stop on the rack to prevent movement, and hung a weight from the load cell where it would otherwise be attached to the sail mast, as shown in Figure 20.
[image: ]PTO Plate is connected to 80:20 member that is easily rotated and reconnected to frame in vertical orientation.  No additional hardware required. 
Attach weight

[bookmark: _Toc465956148]Figure 19:  Spot Check Equipment Arrangement
To test the load cell in compression the load cell was mounted at its base directly to the barge and such that it was not allowed to rotate off of vertical.  A table was attached to the opposite side of the load cell for placing a weight thereupon.  



[bookmark: _Toc465956128]Table 5. Spot Check - Load Cell PTO1 (PTO1_LC)
	Weight
(kg)
	Corresponding Load (N)
	Excitation Voltage (V)
	Measured Voltage (mV)
	Measured Load (N)

	0
	0
	10
	
	

	10
	98.066
	10
	
	

	20
	196.133
	10
	
	

	30
	294.2
	10
	
	

	40
	392.266
	10
	
	

	50
	490.333
	10
	
	

	-10
	-98.066
	10
	
	

	-20
	-196.133
	10
	
	

	-30
	-294.2
	10
	
	

	-40
	-392.266
	10
	
	

	-50
	-490.333
	10
	
	



[bookmark: _Toc465956120]Potentiometer Spot Checks
The potentiometers were spot checked fully assembled within the PTO.  The calculated linear displacement of the gear rack was checked against data provided by measurements from a linear potentiometer of known accuracy.
[bookmark: _Toc465956129]Table 6. Spot Check - Rotary Potentiometer PTO1 (PTO1_Disp)
	Turns
(rad)
	Theoretical Displacement (mm)
	Excitation Voltage (V)
	Measured Voltage (V)
	Measured Linear Displacement (mm)

	0
	0
	10
	
	

	2π
	78.54
	10
	
	

	4π
	157.08
	10
	
	

	6π
	235.62
	10
	
	

	8π
	314.16
	10
	
	

	10π
	392.70
	10
	
	

	12π
	471.24
	10
	
	

	14π
	549.78
	10
	
	

	16π
	628.32
	10
	
	

	18π
	706.86
	10
	
	

	20π
	785.40
	10
	
	





[bookmark: _Ref446001944][bookmark: _Ref453622689][bookmark: _Toc465956121]Appendix G: Team provided sensors – specifications and calibrations
Operation of a rotary potentiometer can be schematically described by the following circuit diagram.  
[image: ][image: ]
[bookmark: _Ref456865618][bookmark: _Toc465956149]Figure 20:  Potentiometer Wiring Diagram
A potentiometer is a voltage divider that allows adjustment of Vout. Typical potentiometers have sliders or rotary knobs that move a contact called a wiper along the surface of a resistor. As depicted in the right side of Figure 20, the wiper divides a single, fixed resistor into R1 and R2.  By sliding the wiper along the fixed resistor, the value of R2 is changed, which allows the output voltage to be adjusted from 0 to Vin.  

Harvest’s potentiometer instrument is the Digikey 10 turn, linear K-taper, 10,000-ohm, rotary potentiometer (Model # 84A1A-B28-J15L).  Harvest’s primary vendor has verified the linearity of the resistive behavior my measuring resistance in kilo-ohms with a NIST traceable ohmmeter against measured NIST Traceable rotations, as shown in the following calibration certificates.  The spec sheet is also shown in Figure 21.
[image: ]
[image: ]
[bookmark: _Ref457830682][bookmark: _Ref457830677][bookmark: _Toc465956150]Figure 21:  Digikey Potentiometer Spec Sheet
Likewise, Harvest’s load cell instrument is the 1-800-Load-Cel XT24-SS S-type linear load cell.  The original equipment manufacturer has provided the calibration certificates below.  The spec sheet is also shown in Figure 22.
[image: ]
[bookmark: _Ref457830969][bookmark: _Toc465956151]Figure 22:  1-800-Load-Cel Load Cell Spec Sheet






[bookmark: _Ref446345778][bookmark: _Toc465956123][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







This page intentionally left blank



image2.emf
 


image3.emf

image4.jpeg




image5.jpeg




image6.png
Beach

Spreading, +-B,

+
=

Short Bank




image7.png
)





image8.png




image9.jpeg
N
57
=]

7
7N





image10.wmf
()

abt

qq

+=G

&&&


oleObject1.bin

image11.wmf
*

0

0

*

,

1

T,

t

t

T

w

qq

=

=

=


oleObject2.bin

image12.wmf
**

00

22

22*2

0

1

()

1

ddd

dtdtTTdt

dd

dtTdt

==

=


oleObject3.bin

image13.wmf
2**

2*2*

00

2**

2

*2*

2**

*2*

()

a

a

adbd

t

TdtTdt

dd

b

dtdt

dd

bdtdtb

qq

qq

ww

wqq

w

+=G

+=G

G

+=


oleObject4.bin

image14.wmf
(2)

(3)

MP

MP

aa

bb

bb

ww

ww

æöæö

=

ç÷ç÷

èøèø

GG

æöæö

=

ç÷ç÷

èøèø


oleObject5.bin

image15.wmf
4

MP

P

M

s

s

ww

=

G

G=


oleObject6.bin

image16.wmf
4

4.5

5

4.5

(3*)

(2*)

M

PM

m

M

P

pM

MPMP

PM

M

MPMM

p

s

bbs

b

b

s

a

asaasa

a

aas

bbbbbs

bs

w

w

w

w

G

G

æö

=®=

ç÷

èø

æö

=®=®=®=

ç÷

èø


oleObject7.bin

image17.png




image18.png
Flapper_Sailipt{Bl Search Help & Commands... SIS0

Environments _BIM

g Qesnmions - ) ommogepic - O Toturson -
{3 Refectons + ©; Ground Plane - ©,

Object |
Vit @ Mate Gyphs

Visibilty Appearance ~

Visual Style General Summary Project Status Custom  Save  Physcal

Twolights  ~

Fapper St
3 Sold Bodies(1)

@ suracesodes?)

T view: aster

Elorgn

[ Flapper _Trunk_Casing.ipt
@l Exvusont

lwork st

Dlwork sz
Qendofrart

240229 kg Reat]

265,715 m"2 Rel

1373m"3 (Relaty]

Inertil Properties
Princpal
Princpal Moments
G2a52.894kg
Rotation to Princpal
0.00 deg Reat]

‘Center of Gravity

n 26267.214kg1] %185.717kg ]

Ry [0.00 deg (el 0.00 deg Reat]





image19.png




image20.png




image21.jpeg




image22.png
Vectran V-100 rope

Pulley with swivel

Mooring snap hook

7/8in-9 eye nut

Not shown: mooring load cell and clevis between
rope thimble and load cell




image23.png
Deployed (Static tension, correct mooring scope)

MASK bridge

Carriage
%ton
rope
puller

Dacron
polyester
line

Device
Dacron

polyester —s
line

Teams’
taught
mooring
lines

Pulley/block

Load cell





image24.png
During Commissioning/Rigging

MASK bridge

Carriage

Load cell

Dacron

Dacron polyester
polyester line
line

Teams’
slack
mooring.
lines

Pulley/block





image25.png




image26.png




image27.png




image28.jpeg




image29.png




image30.png




image31.png




image32.png
Features

= Compaibl with oher members of the
Wodel 80 Seres

m The only 10-tum precison potentiometer in
‘amoduiar panel control package

' Upto 2 sections avlable
m RoHS complant”

BOURNS' 83/84 - 5/8 ” Square 10-Turn

Initial Electrical Characteristics

‘Wirewound Element 4 Taper) Hybritron® Element (K Taper)
Standard Resistance Range. 20010 100 K onms. TK 10 100 K ohms.

Tota Resistance Tolerance, ey 0%

Independent Lineary. 0255 ho2s%

Absoluts Minimm Ressiancs () o) .00 or 015 (wichever i grster -

Effctve Electricl Angle 3600 4+10°.0°" 3600° 410, 0°

Dieectric Wihstanding Vltage (VIL-STD-202, Method 301)

Sea Lovel 1,000 VAG minimur 1,000 VAC minimum
Insuiaton Resistance (500 V) 1,000 mogohms minimum 1,000 megahms mimum
Fower Rating Noltage Lirted 8 Fowar Dissinaion or 350 VAC, Whihever 1 Less)

0% T watt 1 watts

1125 °C. uat ot
Tnearstical Resoision ‘Ses tabie. Essentally infiite
End Volage (K Tape) - 02 % of appled votage
Noiso (J Taper. 160 hs ENR maimarn -

Output Smootness (K Tape) - 0.15 % madmum
Environmental Characteristics

Operating Tomperature Rango. +1°Ct04125°C 41°Cto2s°C

Storage Temperature Range 557G 10125°C 555Gl 125G

Tomperature Coeficent Over Storage Tamperatis Fange =50 ppmC 100 pom’C

Viration isa Tse

Total Fasistancs Shit 2%

Votage Rato Shi, 2%

Wiper Bounce. 0.1 milisacand maximum 0.1 millsecond masimum
Shoskc 06 £

Tota Fesisiance St 2%

Votago Rato Shit. 2%

Wiper Bounce, 0.1 millsacond maximum. o1 mitisecond maximum




image33.png
oad e L ours e s

“Total Resitance i 22 % maximan £5.% maximum
Fotational Lo (No Load). 1,000,000 shaft rvoitions. 4,000,000 shaft revlutions.
Tota Resisance Shit 25.9% maximam. 5% maximum
Moistur Resistance (MIL-STD-203, Method 103, Conditon 8]
Tota Resistance Sni <2 56 maximum 45 % maximum
nsuaton Resistance (500 VOC) 100 magonms minimm 100 megohms minmum
1P Rating. P40, oy
Mechanical Characteristios!
Stop Stengtn 33.90 N-em (8.0 02In) minimum
Mechanical Angia 3600° 5% 0°
Torque
Startng Runing torque pis 0.7 N-cm (1.0 0z-n) maximum
Funring (1072 Soction) 01810 1.41 N-m (025 10 20 0z-n)
Mounting Torque on Bushing). 1.7-20Nm (15-18 b maximum
S Aunout 0.15 mm (0008 i) T1A.
Shat End Play. 038 mm (0014 i) T1A
Snat Radisl Py 0.13 mm (0005 i TIA
Welght (Single Seciion. 21gm 075 0z
(Each Addiiona Soction) 18 gm (065 oz)
Terminal Priiad ciru trmirals or soder ugs
‘Sadering Gonditon Recormmendsd hand soldering Usng S16&/Ag5 1o Cean solde, 0,025  wie clameter.
Wiarimum tomparature 399 °C (750 °F) for 3 saconds. No wash process 1 bs used with no clean flax
Marking. Manufacture’s rademart, wirng diagram, date code and resstance, manufacturer’s partnumber
Ganging Miipls Section Potamometers. 2 cp masimum
Hardware O lockuashar and on mousting i s Shisped Wi aach potenliomatar, &xcapi whars noted i th part umber

NOTE: Modsl B384 performance speciications do ot appy o untssubjected o printe ircult board cearing procecures
1A room ambient: +25 °C nominal and 50 % elative humicity nominal, except as noted.




image34.png
Stainless Steel S-Beam Load Cell
Model: XTS4-55
Ranges from S0 0 20000 s

The XTS4-S8 load e suabe for a e rangs of
indusiol appicaiors. Desgnod fo so s anionor
Comareceon 8 consinucedof 174 Sainees e
and oy poled 10 1PS7.

Capacities: 50, 100, 150, 200, 250,

‘o avaatle narmebcaly sosied o ol for uss i 300,500, 750, 1K, 15K, 2K, 25K,
e vionmant. 3K, 5K, 10K, 15K, 20K Ib.
wemaw | L [ [ v [ v v P
SRR REYT RERT T N vz
o [ oo [0 | vor | v —]
s ) TR N
A dimonsions are nnches e
[ Py T
5010008 mVY [Temp. Elfectom Oput CAFSA0C) 0014 1 002"
[Now-Lincriy: oS f0msrst a0 0o
peres OUES 1 0035 FS* [Compensted T “Dw0C
anisEs (Operog Temp: Sswest
o o0 Recommended v
50400 [t Oveton: 1o
350350 Uit Overtosd: awrrs
somovae fcaie eagn: 195 (omee)

 Specfications for 50, 75, 16K, and 20K Ib. capacities.




image1.png
-~ C

WAVE ENERGY PRIZE
\_AS. DEPARTMENT OF ENERGY




