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[bookmark: _Toc445995609][bookmark: _Toc445995738][bookmark: _Toc445995868][bookmark: _Toc445995998][bookmark: _Toc445996130][bookmark: _Toc445999044][bookmark: _Toc446000866][bookmark: _Toc446001011][bookmark: _Toc446002654][bookmark: _Toc446002807][bookmark: _Toc446002953][bookmark: _Toc457738055]INTRODUCTION 
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 WEPrize 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.


[bookmark: _Toc445995611][bookmark: _Toc445995740][bookmark: _Toc445995870][bookmark: _Toc445996000][bookmark: _Toc445996132][bookmark: _Toc445999046][bookmark: _Toc446000868][bookmark: _Toc446001013][bookmark: _Toc446002656][bookmark: _Toc446002809][bookmark: _Toc446002955][bookmark: _Toc457738056]Test Objective
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].


[bookmark: _Toc445995613][bookmark: _Toc445995742][bookmark: _Toc445995872][bookmark: _Toc445996002][bookmark: _Toc445996134][bookmark: _Toc445999048][bookmark: _Toc446000870][bookmark: _Toc446001015][bookmark: _Toc446002658][bookmark: _Toc446002811][bookmark: _Toc446002957][bookmark: _Toc457738057]Test Facility
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: _Toc457738141]Figure 1. General Schematic of bridge and MASK basin
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[bookmark: _Ref429000481][bookmark: _Toc442202046][bookmark: _Toc457738142]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: _Toc457738143]Figure 3. MASK carriage shown below the bridge at the center of the bridge
[bookmark: _Toc383074748][bookmark: _Toc392854666][bookmark: _Toc442202024][bookmark: _Toc457738058]Wave Maker
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: _Toc457738144]Figure 4. General wavemaker characteristics and design
[bookmark: _Toc383074749][bookmark: _Toc392854667][bookmark: _Toc442202025][bookmark: _Toc457738059]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: _Toc457738145]Figure 5. MASK reference orientation; note that the orientation here is different than that in Figures 1 and 3
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[bookmark: _Toc457738061]Device description
The RTI F2 QD consists of a self-orienting Elongated Wave Front Parallel (EWFP) Float.  The float is connected substantially below the Still Water Line (SWL) by two Drive or Swing Arms to a twin vertical spar semi-submerged buoyant frame as seen in Figure 6.   The rotatable arm to frame connection drives a rotary electric generator (single or dual) driven directly or through a gearbox at full scale in Figure 8.  A single rotary electric generator with gearbox is driven for the 1/20th scale model.  The EWFP Float is both lifted and driven rearward by the heave and surge forces, respectively, of oncoming waves, returning downward and forward, by gravity, during ensuing wave troughs. The Frame’s twin vertical spars are pivotably connected to a Submerged Mooring Buoy by two “lateral mooring lines” such that the F2 QD “weathervanes” (self-orients) about the Submerged Buoy maintaining the EWFP Float parallel to oncoming wave fronts.  The Submerged Mooring Buoy is affixed to mooring blocks on the tank bottom by three tensioned lines in Figure 7.  A detailed drawing of our 1/20th model is attached in Appendix A, Mechanical Section.
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[bookmark: _Ref453504431][bookmark: _Toc457738146]Figure 6. Self-orienting Elongated Wave Front Parallel Float RTI F2 QD 1/20th Test Configuration
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[bookmark: _Ref453504687][bookmark: _Toc457738147]Figure 7. Isometric view of 1/20th RTI F2 QD Test Configuration
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[bookmark: _Ref453504497][bookmark: _Toc457738148]Figure 8. Isometric RTI F2 QD Full Scale Model
[bookmark: _Toc457738062]Power Take-Off description 
The RTI F2 QD can utilize a single geared or direct drive multi-pole rotary electric generator Power Take-Off (PTO) driven by either one of the two Drive Arms producing power from wave forces which concurrently drive the Float both upward and rearward during each oncoming wave crest. Power is also produced on subsequent Float return strokes from gravity forces acting upon the Float as it moves downward and forward into subsequent wave troughs. Alternatively, because the RTI F2 QD uses a single Float (rather than fore and aft floats like the Columbia Stingray) two full or reduced sized geared or direct drive rotary generator PTOs can be utilized, one located in each of the two, port and starboard PTO housings providing redundancy in the event of a generator or gearbox failure.  Another alternative is to use one rotary generator PTO (again geared or ungeared) for power capture during wave force induced upstrokes and the other during subsequent gravity force induced down strokes by use of an over-riding or ratcheting clutch mechanism. This configuration allows each geared or direct drive rotary electric generator to always rotate in the same direction eliminating any gearbox or generator wear from reversing rotational direction during each wave crest and trough. This RTI F2 QD PTO configuration also allows short term (5-15 seconds) flywheel storage of captured wave energy smoothing generator electrical output.  In addition, it allows either PTO to provide full wave energy capture in the event of a generator or gearbox failure of the other PTO. While the RTI F2 QD can easily accommodate a large diameter multi-pole permanent magnet "pancake" type direct drive rotary electric generator, a planetary single stage geared generator reduces PTO CAPEX several fold. Direct drive 3-6 MW off-shore wind turbine generators cost $0.2-0.3 Million/MW and turn at 10-20 RPM. Direct drive Wave Energy Converters (WECs) with floats on swing or drive arms (like the RTI F2 QD, the Azura, and the Columbia StingRay) turn at 1-2 RPM and cannot afford $2-$3 Million/MW for their direct drive generators (unless the remaining WEC costs are free). Shortening swing or drive arms (relative to average wave height) does increase WEC RPM and PTO utilization somewhat (up to 2 fold maximum) but prior studies by U. of Edinburgh (Salter Duck and Sloped IPS Buoy) show that longer swing or drive arms result in higher wave energy capture efficiencies.
For the 1/20th Test Configuration, a multi-pole low RPM high torque permanent magnet AC Motor-Generator with an integral 8:1 gearbox is located in a water-tight housing within a submerged portion of the Starboard Frame Vertical Spar (Figure 9).  The drive axle is connected to the step-up gearbox of the motor-generator via a 70 tooth sprocket at the drive axle attached to a 15 tooth sprocket at the motor-generator by a #35 chain drive.  A resistive force (torque) is applied against oncoming waves by the EWFP Float as it is rotated by the Drive Arms and applies a lesser resistive force against the Float’s mass as gravity returns the Float (via reversing rotational direction of the Drive Arms) into the ensuing wave trough.[image: ]
[bookmark: _Ref453505051][bookmark: _Toc457738149]Figure 9. RTI's Power Take-Off
Two Motor-Generator torque control electronic systems (to increase low RPM Motor-Generator torque) are currently being utilized, including an AC voltage transformer and back driving the generator as a torque balancing motor.  In the event of electronics or software malfunction our backup torque control system uses our motor-generator as a 3-phase AC Generator connected to three manually adjustable load (0-100 Ohm) 100 watt resistors.
When the Float and its connected Drive Arm rotation reach 0 RPM (relative to the Frame) at each wave crest, the direction of rotation is reversed.   Gravity returns the float into the next ensuing wave trough while being resisted by a somewhat lower Motor-Generator programed and controlled torque. The Motor-Generator (through gearbox) Drive Arms are connected to a Common Drive Axle (to prevent accidental Arm twisting or Racking). Like the Columbia StingRay, the Full Scale RTI F2 QD will have sufficient Drive Arm and Float rigidity to avoid the need for a Common Drive Axle. 
The Full Scale F2 QD Generator (with or without step-up gearbox) will be able to apply sufficient torque throughout each wave cycle to optimize energy capture (the Wave Energy Prize schedule did not allow time for the design, fabrication, and testing of a custom high torque generator-gearbox). 
The F2 QD 1/20 model has two (2) RTI F2 QD tension and compression waterproof Load Cells located on each of the two (2) split Drive Arms in such manner that they will provide continuous real time Drive Arm Torque values for each Arm (which must be summed). The starboard side Cell will normally read higher than the port Cell because it is connected to the Motor-Generator while the port Drive Arm produces some torsional deflection of the long Drive Axel.  A high resolution magnetic encoder is located on the Motor-Generator (starboard) side of the Drive Axel. A second encoder on the port side will provide a redundant Real Time RPM value.  See Figure 10.
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[bookmark: _Ref455121769][bookmark: _Toc457738150]Figure 10. Data Acquisition used during preliminary testing at UMO Alfond W2 Ocean Engineering Lab
Torque and RPM real time output will be sufficient for determining instantaneous 1/20th scale F2 QD wave energy capture. 
[bookmark: _Toc457738063]Device properties
The model is being built light with the ability to increase Frame weight by over 50% and Float weight by over 100% by adding supplemental high density weights (2.5# and 5.0# steel  discs) to the weight studs on the Float fore Deck and on the Frame Drag Plate (either fore or aft of the Spar Leg center lines).  See Figure 11.
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[bookmark: _Ref455121886][bookmark: _Toc457738151][bookmark: _Ref453505235]Figure 11. Adjustable device flexibility to simulate full scale model
The Center of Gravity (CG) of the Frame is located substantially below the Frame Center of Buoyancy (CB) and the Drive Axle to provide a sufficient restoring moment for Frame pitch recovery after the upper Frame (above CG) is pitched (rotated) rearward by the surge/lateral force of each oncoming wave. It is desirable, however, to have the Frame pitch recovery natural frequency substantially slower than the wave and Float (with Drive Arm) frequency such that the Frame is still pitching (rotating) forward (recovering from prior wave) while the Float is rotating (on its Drive Arms) rearward in response to the latest (current) wave. This lag between Frame pitch recovery and Float response to the current wave is evident in the 1/20th scale Test videos and in Figure 12 taken during WEP Preliminary Testing at University of Maine, Orono, Alfond W2 Ocean Engineering Lab and provides higher relative motion between Float and Frame and higher energy capture efficiencies. 
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[bookmark: _Ref455121926][bookmark: _Toc457738152]Figure 12. UMO Alfond W2 Ocean Engineering Lab
The CG of the Float (including its rigidly attached Drive Arms) is located above and forward of the Float CB. This provides a slightly upward moment applied by the Float Arms to the Frame at the Axel location (raising frame slightly above the SWL without the Float attached) but more importantly provides a larger drive moment about the Drive Axel when the Float is returning via gravity into the next wave trough.
Adding or removing Float weight discs simulates the Full Scale F2 QD where the Float is partially flooded to provide a mass optimized capture efficiency for a given sea state (or deliberate de-tuning) or the Float is fully flooded to negative buoyancy allowing the Float to rotate on its elongated Swing/Drive Arms to a safe 6 o’clock position well below 15-20 meter wave troughs. The Float seawater ballast is partially or fully gravity drained simply using the PTO generator as a motor to lift the Float above the SWL while multiple Float Drain Valves are opened until the desired Float ballast tank water levels are obtained. During 1/20th scale testing under the “survival wave conditions” the Float interior volume will be substantially flooded to negative buoyancy with water through  the access port (w removable cover plate) on the Float Deck (using a section of tubing). The 1/20th Float is drained through the port by lifting the Float above the SWL with the Carderock lift.
The Drag Plate weight discs also simulate the Full Scale Frame which has compressed air cleared seawater ballast tanks within the Frame Floatation Chambers (above and below the PTO housings) on the Frame’s two Vertical Spars and an additional tank across the Horizontal Drag Plate (which also reinforces the Drag Plate).  Figure 13.
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[bookmark: _Ref455121990][bookmark: _Toc457738153]Figure 13. University of New Hampshire Chase Ocean Engineering Lab Floatation Testing


At full scale adjusting Frame seawater ballasts changes the Frame water line which raises or lowers the Frame Swing Arm Pivot Point (at PTO Drive Shaft) and Swing Arm neutral (still water) angle, CB, and CG. This either optimizes capture efficiency or provides de-tuning in heavy sea states. 
Adding or removing Frame or Float mass at 1/20th scale using the weight discs also alters their center of buoyancy, center of gravity, and moment of inertia.  The actual values may be changed for each of the 10 Carderock Test Cases as Float weights and Frame weights are added or removed between tests.
Figure 14 depicts the Key Dimensions and Characteristics of the RTI F2 QD Design.  For an ‘As Built’ drawing of our 1/20th scale model, refer to Appendix A, Mechanical Section.
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[bookmark: _Ref455122042][bookmark: _Toc457738154][bookmark: _Ref453505265]Figure 14. Key Characteristics of the RTI F2 QD design
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[bookmark: _Toc457738095]Table 1. List of Key Dimensions and Characteristics of the RTI F2 QD.
	
	Measurement
Reference Fig. 12 
	Description
	Comments
	Verified at Carderock
	Measured by Team

	Dimension (m)
	(A) Overall Assembly Length (in direction of wave travel) fore to aft
	1.054 ± .0254
	Measured
	
	

	
	(B) Width Overall (excluding PTO Housing Cap)
	1.829 ± .0254
	Measured
	
	

	
	(C) Overall Assembly Height
	3.37
	Measured
	
	

	
	(D) Float Assembly Overall Width
	1.400 ± .0254
	Measured
	
	

	
	(E) Float Assembly Length (Fore to Aft)
	.657 ± .0254
	Measured
	
	

	
	(F) Float Assembly Height (excluding shoaling lip extension)
	.235 ± .0254
	Measured
	
	

	
	(G) Heave/Surge Plate Width 
	1.834 ± .0254
	Measured
	
	

	
	(H) Heave/Surge Plate Length (Fore to Aft)
	.641 ± .0254
	Measured
	
	

	
	(I) Length of Drive Arm
	.800 ± .0254
	.445 m to edge of float - Measured
	
	

	
	(J) Frame Twin Vertical Spar Centerline Width
	1.632 ± .0254
	Measured
	
	

	
	(K) Drive Axle to Drag Plate Depth
	2.17 ± .5
	Measured
	
	

	
	(L) Drive axle to SWL
	.343 ± .1
	Measured
	
	

	Please provide the following measurements for each body of the WEC

	Overall Mass (kg)
	105 ± 2.27
	Without added mass for ballast
	
	

	Overall Buoyancy (kg)
	
	Variable by design
	
	

	Overall Center of gravity (m)
	.105
	-.038
	-.4343
	

	Overall Center of buoyancy (m)
	
	Variable by design
	
	

	Moment of inertia system
	Pitch (kgm2)
	1.605E+6
	Calculated
	
	

	
	roll (kgm2)
	1.176E+6
	Calculated
	
	

	
	yaw (kgm2)
	5.447E+5
	Calculated
	
	

	Mass of float (kg) with drive arms
	26.04 ± 2.27
	Measured
	
	

	Buoyancy of float (kg)
	
	Variable by design
	
	

	Center of gravity  of float (m)
	.3948
	-.006
	-.0723
	

	Center of buoyancy of float (m)
	
	Variable by design
	
	

	Moment of inertia float
	Pitch (kgm2)
	9.62E+00
	Calculated
	
	

	
	roll (kgm2)
	7.58E+00
	Calculated
	
	

	
	yaw (kgm2)
	1.21E+01
	Calculated
	
	

	Mass of frame (kg)
	54.41 ± 4.5
	Measured
	
	

	Buoyancy of frame (kg)
	
	Variable by design
	
	

	Center of gravity  of frame – rel. to SWL (m)
	.55 Z direction
	Calculated
	
	

	Center of buoyancy of frame (m)
	
	Variable by design
	
	

	Moment of inertia frame
	Pitch (kgm2)
	6.39E+01
	Calculated
	
	

	
	roll (kgm2)
	2.84E+01
	Calculated
	
	

	
	yaw (kgm2)
	3.58E+01
	Calculated
	
	

	Mass of heave plate (kg)
	18 ± 2.27
	Measured
	
	

	Buoyancy of heave plate (kg)
	
	Variable by design
	
	

	Center of gravity  of heave plate (m)
	-2.43
	Measured
	
	

	Center of buoyancy of heave plate (m)
	
	Variable by design
	
	

	Moment of inertia heave plate
	Pitch (kgm2)
	6.22E+00
	Calculated
	
	

	
	roll (kgm2)
	9.43E-01
	Calculated
	
	

	
	yaw (kgm2)
	6.31E+00
	Calculated
	
	

	Operating Draft (based on SWL to lowest point of device) (m)
	2.59 ± .5
	Measured
	
	

	Wetted surface area  (m2)
	12.88
	Calculated
	
	


[bookmark: _Toc445995622][bookmark: _Toc445995751][bookmark: _Toc445995881][bookmark: _Toc445996011][bookmark: _Toc445996143][bookmark: _Toc445999057][bookmark: _Toc446000879][bookmark: _Toc446001024][bookmark: _Toc446002667][bookmark: _Toc446002820][bookmark: _Toc446002966][bookmark: _Toc457738064]Froude scaling
The geometry of the device was scaled linearly with the scale factor, s=20. Mass values were scaled with s3, and mass moments of inertia with s5. Since the power take-off is rotational, the kinematic component (the relative angular velocity between the float and the frame) scales with s-0.5 and the dynamic component (the torque on the drive shaft) scales with s4.
For certain parameters (e.g. the thickness of the steel heave-surge Drag Plate and the aluminum Float’s skin), Froude scaling from Full Scale to our 1/20 model would result in dimensions somewhat thinner than those practical at model scale. In these cases, the mass and location of high-density ballast will be adjusted to account for the discrepancy in mass values.
[bookmark: _Toc457738096]







Table 2. Key Parameters at Full and 1/20th Scale
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[bookmark: _Toc445995624][bookmark: _Toc445995753][bookmark: _Toc445995883][bookmark: _Toc445996013][bookmark: _Toc445996145][bookmark: _Toc445999059][bookmark: _Toc446000881][bookmark: _Toc446001026][bookmark: _Toc446002669][bookmark: _Toc446002822][bookmark: _Toc446002968][bookmark: _Toc445995693][bookmark: _Toc445995822][bookmark: _Toc445995952][bookmark: _Toc445996082][bookmark: _Toc445996214][bookmark: _Toc445999128][bookmark: _Toc446000950][bookmark: _Toc446001095][bookmark: _Toc446002738][bookmark: _Toc446002891][bookmark: _Toc446003037][bookmark: _Toc445995694][bookmark: _Toc445995823][bookmark: _Toc445995953][bookmark: _Toc445996083][bookmark: _Toc445996215][bookmark: _Toc445999129][bookmark: _Toc446000951][bookmark: _Toc446001096][bookmark: _Toc446002739][bookmark: _Toc446002892][bookmark: _Toc446003038][bookmark: _Toc445995695][bookmark: _Toc445995824][bookmark: _Toc445995954][bookmark: _Toc445996084][bookmark: _Toc445996216][bookmark: _Toc445999130][bookmark: _Toc446000952][bookmark: _Toc446001097][bookmark: _Toc446002740][bookmark: _Toc446002893][bookmark: _Toc446003039][bookmark: _Toc445995696][bookmark: _Toc445995825][bookmark: _Toc445995955][bookmark: _Toc445996085][bookmark: _Toc445996217][bookmark: _Toc445999131][bookmark: _Toc446000953][bookmark: _Toc446001098][bookmark: _Toc446002741][bookmark: _Toc446002894][bookmark: _Toc446003040][bookmark: _Toc445995697][bookmark: _Toc445995826][bookmark: _Toc445995956][bookmark: _Toc445996086][bookmark: _Toc445996218][bookmark: _Toc445999132][bookmark: _Toc446000954][bookmark: _Toc446001099][bookmark: _Toc446002742][bookmark: _Toc446002895][bookmark: _Toc446003041][bookmark: _Toc445995698][bookmark: _Toc445995827][bookmark: _Toc445995957][bookmark: _Toc445996087][bookmark: _Toc445996219][bookmark: _Toc445999133][bookmark: _Toc446000955][bookmark: _Toc446001100][bookmark: _Toc446002743][bookmark: _Toc446002896][bookmark: _Toc446003042][bookmark: _Toc445995699][bookmark: _Toc445995828][bookmark: _Toc445995958][bookmark: _Toc445996088][bookmark: _Toc445996220][bookmark: _Toc445999134][bookmark: _Toc446000956][bookmark: _Toc446001101][bookmark: _Toc446002744][bookmark: _Toc446002897][bookmark: _Toc446003043][bookmark: _Toc445995700][bookmark: _Toc445995829][bookmark: _Toc445995959][bookmark: _Toc445996089][bookmark: _Toc445996221][bookmark: _Toc445999135][bookmark: _Toc446000957][bookmark: _Toc446001102][bookmark: _Toc446002745][bookmark: _Toc446002898][bookmark: _Toc446003044][bookmark: _Toc445995701][bookmark: _Toc445995830][bookmark: _Toc445995960][bookmark: _Toc445996090][bookmark: _Toc445996222][bookmark: _Toc445999136][bookmark: _Toc446000958][bookmark: _Toc446001103][bookmark: _Toc446002746][bookmark: _Toc446002899][bookmark: _Toc446003045][bookmark: _Toc457738065]Other scaling or measures
The submerged heave and surge plates will be subject to Froude number, Keulegan–Carpenter number, and Reynolds number dependent flow dynamics. Keulegan–Carpenter number scales directly with Froude number, so the ratio of form drag to inertial forces is conserved. 
Unlike Keulegan–Carpenter dependent effects, Reynolds number effects will not scale properly on a Froude scaled model. However, the error associated with this discrepancy will be mitigated by the radiused edges of the heave and surge plates. This rounding will reduce eddy losses that contribute to Reynolds number sensitivity of the dynamics. Furthermore, the exaggerated effect of viscosity at model scale will have the effect of reducing the power absorbed by the device.
Numerical modeling—validated by test data gathered at the Small Scale Testing Facility during Technology Gate 2—shows that the float displacement amplitudes are generally larger than the corresponding wave-induced fluid motions. Thus, viscosity has a net retarding effect on the float motion. So the artificially low Reynolds number at model scale will result in unrealistically high amounts of energy being dissipated from the float by viscous effects.
The frame is designed to lag the float motion by 90 o–180o. So the reaction force that it provides to the float and PTO is proportional to its inertia. Excessive viscous effects will dissipate energy from the frame motion, decreasing its inertia. This will reduce the dynamic component of the PTO, reducing absorbed power.
As stated in Section 4.3 (Device Properties) above, the RTI F2 QD 1/20th scale model Float and Frame are deliberately being built light with the ability to increase Float mass by up to 100% and Frame mass by up to 50% to conform 1/20th  scale and Full Scale Froude scaling of Mass, CG, CB, and Moment of Inertia. Because the F2 QD Full scale model also has the on-board adaptive control ability to make major changes in Float Mass (up to 400%) and Frame Mass (25%-50%) with its seawater ballast tanks, the 1/20th  Model and Full Scale design mass can readily be brought into Froude conformity. Float and Frame dimensional changes made in the 1/20th scale model will result in comparable Froude scaled changes in the Full Scale design.
[bookmark: _Toc445999138][bookmark: _Toc446000960][bookmark: _Toc446001105][bookmark: _Toc446002748][bookmark: _Toc446002901][bookmark: _Toc446003047][bookmark: _Toc445999139][bookmark: _Toc446000961][bookmark: _Toc446001106][bookmark: _Toc446002749][bookmark: _Toc446002902][bookmark: _Toc446003048][bookmark: _Toc445999140][bookmark: _Toc446000962][bookmark: _Toc446001107][bookmark: _Toc446002750][bookmark: _Toc446002903][bookmark: _Toc446003049][bookmark: _Toc445999141][bookmark: _Toc446000963][bookmark: _Toc446001108][bookmark: _Toc446002751][bookmark: _Toc446002904][bookmark: _Toc446003050][bookmark: _Toc445999142][bookmark: _Toc446000964][bookmark: _Toc446001109][bookmark: _Toc446002752][bookmark: _Toc446002905][bookmark: _Toc446003051][bookmark: _Toc445999143][bookmark: _Toc446000965][bookmark: _Toc446001110][bookmark: _Toc446002753][bookmark: _Toc446002906][bookmark: _Toc446003052][bookmark: _Toc457738066]Control strategy
RTI is utilizing vector control, also called field-oriented control (FOC) during the 1/20th scale testing.  It is a variable-frequency drive (VFD) control method in which the stator currents of a three-phase AC electric motor (a permanent magnet brushless motor in our case) are identified as two orthogonal components that can be visualized with a vector. One component defines the magnetic flux of the motor, the other defines the torque. The control system of the drive calculates the corresponding current component references from the flux and torque references given by the drive's control. Typically proportional-integral (PI) controllers are used to keep the measured current components at their reference values. The pulse-width modulation of the variable-frequency drive defines the power transistor switching according to the stator voltage references that are the output of the PI current controllers. 
The control loop shown in Figure 15 is implemented in software to read the necessary data from the current and voltage sensors on the drive board and estimate flux, motor angle, motor speed and torque. The estimated data is compared to the reference values of these variables in the control loop and the necessary correction in the PWM switching pattern is executed in terms of microseconds. 
The speed of the system is multiplied by a control gain and the result becomes the torque reference for the FOC torque control loop.  See Figure 15.
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[bookmark: _Ref455122101][bookmark: _Toc457738155]Figure 15. RTI’s Motor Control Loop
Our primary motor-generator torque control system which electronically back drives our motor-generator as a motor using control software can apply higher torques when the float is rising on wave crests (due to wave forces) and a different (generally lower) torque when the float is returning (via) gravity into ensuing wave troughs.  Again, in the event of electronics or software malfunction our backup torque control system is to use our motor-generator as a 3-phase AC Generator connected to three manually adjustable load (0-100 Ohm) 100 watt resistors.  
The RTI F2 QD 1/20th scale Control Strategy is Summarized in Section 4.2 (Power Take-Off Description).  Section 4.3 Device Properties,  describes how Adaptive Controls (changing Float mass and Frame Mass) will be implemented during 1/20th scale RTI F2 QD testing (by changing Float and/or Frame weight discs between tests)  and at Full Scale (adding or removing seawater ballast from the Float and/or Frame ballast tanks). 
The energy efforts utilized for adaptive control during Carderock testing are different from the adaptive control energy efforts for the full scale F2 QD.  During 1/20th testing, float and/or Frame weights will be changed and mid and lower vertical spars may be manually drained.  At full scale, the Frame uses tank stored compressed air (produced with on-board compressors) to displace water out of the ballast tanks and the Float is drained via lifting above the SWL.  Even if the Full Scale adaptive controls (Lifting and partially draining Float or displacing a small amount of Frame seawater ballast with compressed air) are utilized 2-3 times/week, the energy consumption of these controls are insignificant relative to energy production (but calculable). Waves lift the Float above the SWL (where it can drain some ballast water) every 6-16 seconds. Float lifting energy can be eliminated or minimized by simply locking the Float when in a position above the SWL (via using either resisting generator torque or a mechanical ratcheting or electromechanical brake/clutch means) and draining Float water ballast (out of valve controlled drains) until the desired new Float water ballast level is obtained and energy production is resumed. Frame ballast increases (to lower the Frame and Drive Arm pivot point) require no energy (except opening an air exhaust valve in the top of a ballast tank which allows water to enter through an always open bottom aperture). Re-elevating the Frame (to elevate the Drive arm pivot point) is accomplished by discharging a sufficient volume of compressed air (from the onboard compressed air tanks or compressors) through a control valve into the top of the ballast tanks, until the desired new Frame SWL has been reached. The energy consumed is the air compression work utilized to replace the quantity of compressed air utilized. 

[bookmark: _Toc446000967][bookmark: _Toc446001112][bookmark: _Toc446002755][bookmark: _Toc446002908][bookmark: _Toc446003054][bookmark: _Toc445999145][bookmark: _Toc446000968][bookmark: _Toc446001113][bookmark: _Toc446002756][bookmark: _Toc446002909][bookmark: _Toc446003055][bookmark: _Toc457738067]Test Matrix and Schedule
[bookmark: _Toc457738068]Test matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK are shown in Table 3. .  Carderock will perform wave environment calibration in summer 2016. The result of this calibration is shown in Appendix E.
[bookmark: _Ref441046446][bookmark: _Toc457738097]Table 3. Test Matrix
	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: _Toc457738069]Test schedule
[bookmark: _Ref445998187][bookmark: _Toc457738098]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: _Toc457738070]Post Test Notes for Section 5.2
The test schedule was modified and all test waves were run. Please see the test results spreadsheet for a list of waves that were run and the order for which they were run.
Experimental Set Up and Methods
[bookmark: _Toc457738071]Mooring
[image: ]
[bookmark: _Toc457738156]Figure 16. RTI F2 QD anticipated mooring layout for testing at Carderock, MASK Basin (Dimensions in cm)
[image: ]
[bookmark: _Toc457738157]Figure 17. Side view of RTI's Mooring Configuration (Dimensions in cm)
[image: ]
[bookmark: _Ref455123194][bookmark: _Toc457738158]Figure 18. Overhead view of RTI's Mooring Configuration - Watch circle and load cell locations (Dimensions in cm)

[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: _Toc457738072]Instrumentation
Figure 19 and Figure 20 depict the primary Processor Infrastructure and the Swing (Drive) Arm Shaft Control Strategy.   The remainder of the Electronics and Controls (E&C) Block Diagrams can be reviewed in Appendix A, Electrical Section.  
[image: ]
[bookmark: _Ref455123217][bookmark: _Toc457738159]Figure 19. RTI E&C System Block Diagram – Processor Infrastructure
[image: ]
[bookmark: _Ref455123238][bookmark: _Toc457738160][bookmark: _Ref453505436]Figure 20. RTI E&C System Block Diagram - Swing-Arm Shaft Diagram


RTI F2 QD Electrical Test Setup Procedure
Figures: 
Figure 21. Ethernet Switch (Router) and DC Power Supply
Figure 22. Load Cell Connection to RJ50 Connector
Figure 23. Inverter, Resistor Brake and Brake Controller
Figure 24. CRio, Sensor Modules, AC Receptacle 
Control and Sensing Connections:
1. Laptop, Ethernet Switch, DC Power Supply
0. Laptop 
0. Ethernet connection to Ethernet switch (either port)
0. USB to MicroUSB for programming break-out boards on FPGAs
0. Ethernet switch Ethernet connection to third from the left CRio slot (IP Address: 10.0.0.3)
0. DC Power Supply require power from AC 
2. Set Voltage to 38VDC
2. Connect green lead from load end of cable to positive input on Invertor
2. Connect white lead from load end of cable to gnd input on Invertor
1. CRio and Sensor Modules Rack
1. CRio in Slot 1 of Rack
0. Connect Power from AC receptacle and Ethernet cable from Ethernet Switch
1. Load Cell Module in Slot 6 of Rack 
1. Port sensor in slot 2 (RJ50 Cables*). Starboard sensor in slot 3. 
1. Power from AC receptacle.
*RJ50 Cables required by NI for connection to sensor modules.
1. Encoder Module in Slot 8 of Rack
2. Soldered connections (left on WEC unit).
2. AC receptacle power also soldered.
1. Inverter, Break, and Break Controller 
2. Inverter
0. Green and White leads connected from DC power. 
0. Green, black, and white leads 3-phase connections from Generator output
0. MicroUSB from Laptop remains connected for the duration of data gathering after programming break control.
2. Brake Controller
1. DC Link (Red and White leads) from Positive and GND connection of FPGA board to Positive and GND connection of FPGA invertor board. 
0. DC Link provides power to the FPGA boards.
2. Resistor “Brake” 
2. Connected to phase A and GND on FPGA board.




Software Setup:
1. CCS – Compiler 
0. Program Break
0. MicroUSB connected to Break Controller.
0. Compile by pressing the Debug button.
0. Press the Run button on upper left. Check for flashing red LED indication on break-outboard. Remove MicroUSB cable and switch MicroUSB cable to invertor controller. 
0. Stop program 
0. Program Inverter
1. Double click Project Lab 04A.
1. Debug, Run. Set on continuous refresh by press the gold button on the upper left.
1. MATLAB
1. Run to Open GUI 
0. GUI 
0. Starts / Stops Inverter (Need to “Start” to turn on Inverter)
0. Set Gain to -25 (negative indicates generating, positive indicates motoring). Press button to set the gain after inputting numerical value.
1. LabView
2. Run RTI DAQ File.
2. Connect to CRio by right clicking on CRio object line on left hand column.
2. Open file called State Machine.VI
2. Set parameters as shown in solid blocks.
2. To save data collected instantaneously, enter file name ending prior to start of data collection. 
2. Click the Run continuous button to run the VI prior to clicking Run (to collect data on the user interface).
2. Check to make sure data is outputting graphically.
1. Retrieve LabView Files
3. Click “ThisPC” in file explorer.
3. Click “Map Network Drive” in menu bar.
3. Within Folder field, type http://10.0.0.3/files
3. Check “connect using different credentials”. Press finish.
3. Enter the following credentials Username:Admin and Password: LabView
3. Root folder. Root/C/Test_Results
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[bookmark: _Ref455122866][bookmark: _Toc457738161]Figure 21. Ethernet Switch (Router) and DC Power Supply
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[bookmark: _Ref455122875][bookmark: _Toc457738162]Figure 22. Load Cell Connection to RJ50 Connector
[image: ]
[bookmark: _Ref455122896][bookmark: _Toc457738163]Figure 23. Inverter, Resistor Brake and Brake Controller
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[bookmark: _Ref455122919][bookmark: _Toc457738164]Figure 24. CRio, Sensor Modules, AC Receptacle

Software Description
The controls platform is comprised of three separate pieces of software.  The three separate pieces of software are uploaded into the DOE WEC prize folder. The file names of the software are as follows: WaveGUI.zip, Torque_Controller_software.zip, and active_brake_software.zip.
Active Brake Software (active_brake_software.zip)
The active brake software runs on a TI microcontroller embedded in an inverter board.  The sole purpose of this board is to maintain energy balance on the DC bus.  In short, this software commands the inverter to consume the power produced by the wave energy converter.  The energy is converted to heat by varying the voltage applied to a resistor.  This software has two adjustable set points.  The first set point is the voltage of the DC bus where the brake engages.  The second set point is the DC bus voltage where the brake is fully engaged.  There is a linear progression between the set points where the brake engages from 0% to 100%.  That is to say, beyond the second set point the brake is 100% engaged, below the first set point the brake is 0% engaged, and between the two set points the brake is engaged linearly from 0-100% depending on where the DC bus is between the two set points. 
The two set points in the active brake software that we will adjust are _IQ(0.041) and _IQ(0.042).  These are by default set to 41 Volts and 42 Volts in IQ24 kilo-Volt format. 
Torque Controller Software (Torque_Controller_software.zip)
The torque controller software runs on another TI microcontroller embedded in an additional inverter board.  The purpose of this software is to produce the amount of torque requested by the control loop.  The control loop is measuring the speed of the motor/generator.  The speed is multiplied by a gain and the result of this multiplication is the requested reference torque.  There are two different gains that can be used to multiply the speed by and produce the torque reference.  The two variables are ControllerGain_pos and ControllerGain_neg.  The gain that is used depends on the sign of the speed. If the speed is positive, then it is multiplied by ControllerGain_pos resulting in the torque reference.  If the speed is negative, then it is multiplied by ControllerGain_neg resulting in the torque reference.  Both variables ControllGain_pos and ControllerGain_neg are adjustable through serial link communications.
Wave GUI (WaveGUI.zip)
Wave GUI is used as a means to modify the necessary variables on the TI microcontroller which is controlling the motor/generator inverter via a serial link interface. Code composer studio is used to program and view the Piccolo TMS320F2806 on the inverter for the brake and the inverter for the torque controller. 
[image: ]
[bookmark: _Ref456542752][bookmark: _Toc457738165]Figure 25. Torque Control Inverter and the Piccolo TMS320F2806 Card

Figure 25 is depicts the WaveGUI interface.  The explanation of buttons and inputs is below.
• Start and stop buttons are for turning on and off the Torque controller Inverter.
• Two separate gains are used to control the torque command of the inverter in both directions independently.  The Set button is used to apply the changes in gain section.  These modify the variables ControllGain_pos and ControllerGain_neg.
• Check Communication button is for testing the link between MATLAB Wave GUI and the TI microcontroller.
• COM Port defines the port that the GUI uses to send the serial commands to the Piccolo TMS320F2806 card.
• Delete COM Objects button is used to clear serial objects in MATLAB
[image: ]
[bookmark: _Toc457738166]Figure 26. MATLAB GUI


Carderock load cell Tecsis XLU68F attachment locations are depicted in Figure 27 below.
[image: ]
[bookmark: _Ref457738658][bookmark: _Toc457738167]Figure 27. Underwater view of RTI's Mooring attachment to the Heave/Surge Plate and Load Cell Location
Post Test Notes for Section 6.2
During the spot checks, the port load cell failed the check while the starboard load cell, and both port and starboard encoders passed the checks. Thus, the port load cell was removed and only the starboard arm transmitted load. Thus, only the toque measurement from the starboard load cell was used to calculate the dynamic side of power.
[bookmark: _Toc446000979][bookmark: _Toc446001124][bookmark: _Toc446002766][bookmark: _Toc446002919][bookmark: _Toc446003065][bookmark: _Toc446000980][bookmark: _Toc446001125][bookmark: _Toc446002767][bookmark: _Toc446002920][bookmark: _Toc446003066][bookmark: _Toc457738073]Motion tracking
A natural point tracking system will be used to track the motion of the platform. The optical tracking locations are shown in figure 28.[image: ]
[bookmark: _Toc457738168]Figure 28. Available Optical Tracking Locations



[bookmark: _Toc457738074]RTI F2 QD Deployment and Retrieval Summary

The RTI F2 QD will be shipped, disassembled and assembled from the following major sub-assemblies (Figure 29); 
 Vertical Frames (two) with PTO Housings (Fiberglass/Foam floatation attached to housing) and attached Mid Frame section. The Motor-generator, chain drive, encoder, 1.0” Drive Axel stub-sections, and mini-bilge pump are located within the PTO Housing. The Electro Magnetic Clutch (EMC), Drive Axel Stub Shaft, and 2nd encoder are located in the EM Housing. The Lower Frame legs may also be removed during transit (4 bolt non-water tight flanged connections).  
Aluminum sheet metal Float assembly (sealed and water-tight)
Drag Plate assembly including Horizontal and Vertical Drag Plates, 4 HD Ballast Studs/pins, and telescoping mount to lower vertical Frame legs (allowing quick out-of-water-change in Drive Axel to Drag Plate dimension). Will not be changed during testing.
Drive Axel with port and starboard (2) Drive Arms attached (with 1” bore clamp coupling).
Upper Lateral (horizontal) Frame Cross-Truss (4 bolt Flanged connections to Upper vertical Frame sections). All control wires go through Truss to mid-Truss take-off point. A plastic coated steel lifting cable (connected to top of Vertical Frame sections, with centered lifting loop, provides a single lift point.
[image: ]
[bookmark: _Ref455123319][bookmark: _Ref453505633][bookmark: _Toc457738169]Figure 29. RTI F2 QD deployment and retrieval sub-assemblies


· The mooring system in Figure 30 consists of one submerged (9” X 14”) mooring buoy, 3 connected diverging oblique (450 to 600) mooring lines (connected to Carderock supplied 140 lb. mooring blocks), and two (2) Ball to F2 QD Lateral Mooring lines. The mooring ball also has a “swivel lateral plate” with a vertical post or hook for attaching the two (2) converging F2 QD frame attached “Lateral” mooring lines to the plate and mooring ball.




[image: ]
[bookmark: _Ref455123398][bookmark: _Toc457738170][bookmark: _Ref453505687]Figure 30. RTI F2 QD mooring deployment/retrieval system

A. Deployment

The Mooring system is assembled and deployed first (see Figure 30). It is suggested that the 3 Carderock provided mooring blocks first be pre-deployed with a small surface buoy marking the location of each block. A small Toggle float is provided to locate and set the Submerged Mooring Buoy at its proper depth (1.1 meters to Swivel Plate). The Carderock mooring blocks/anchors can be moved slightly inward or outward (from target 450 mooring line angle) to set the RTI Submerged Mooring Buoy near 1.1 meter.

The fully assembled F2 QD is then lifted (using its steel cable with single lifting loop) into the wave tank (approximate weight is 110 kg). See Figure 31.  The two Lower Frame sections (below the PTO Housing) have drain plugs and are pre-filled with correct water ballast and before deployment (Mid-Frame filled with air and Lower Frame with water).  

[image: ]

[bookmark: _Ref455123578][bookmark: _Toc457738171]Figure 31. Fully Assembled RTI F2QD with lifting cable at UMO Preliminary Testing

The assembled F2 QD is floated into position and its two (2) “Lateral Mooring Lines” (each approx. 2.5 meters long) converging at a Lateral Swivel Plate with mounting hole is dropped over a single vertical curved Catch-Release Pin on a lateral bar (also swiveling) attached to the Buoy top using a minimum 8 ft. long boat hook. A small monofilament loop on the top of the Swivel Plate allows future detachment (with a boat hook) of the Lateral Lines and Swivel Plate from the Pin.  See Figure 32.

[image: ]

[bookmark: _Ref455123604][bookmark: _Toc457738172]Figure 32.  RTI F2 QD mooring deployment/retrieval system


Float and Frame (Drag Plate) high density Weights are added as described in Section C below. 

Finally the Control Lines coming from the middle of the upper Lateral Cross-Truss are attached to the RTI control system and WEP Data Acquisition systems on the overhead Carderock Bridge.

B.  Retrieval steps use the Deployment steps in reverse order.

Detachment and Partial Lift of RTI F2 QD Nightly between Test Days (to prevent damaging overnight water intrusion into the PTO Housings when the unit and its mini bilge pumps are unpowered). 
The two (2) Lateral Mooring Lines from the F2 QD port and starboard vertical Frame members (or ends of Drag Plate) converging at the Mooring Ball Swivel Plate is lifted off  the post on the top of the Submerged Mooring Buoy using a boat hook. 
The F2 QD is partially lifted from the bridge above until the entire PTO housing and the Float is above the water line (about 0.6 meter lift) and secured with 1/4” or 5/16” line to the bridge as in Figure 33 (or suspended from an overhead crane hook). The electrical umbilical need not be detached. 
[image: ]

[bookmark: _Ref455123694][bookmark: _Toc457738173]Figure 33. The RTI F2 QD is partially lifted from the bridge above until the entire PTO housing is above the SWL

B. Protocols for Adding or Subtracting High Density Metal Ballast Weights from RTI F2 QD Float and/or Frame between MASK Tests (to simulate the patented Float and Frame seawater ballasting of the Full Scale RTI F2 QD)
Painted steel 2.5# and 5.0# discs with a center hole and monofilament lifting loop (up to 18 cm diameter and up to 2.5 kg each) will be used interchangeably as either Float Weights or Frame Weights (placed on the vertical Drag Plate or Float Weight Posts).
Adding or subtracting Float Weights can be done by hand from the MASK punt (or using an 8-12 ft. boat hook from the Bridge). Float Weights are placed or removed from the 2 Weight Studs-Posts on the Front port and starboard sides of the Float Deck. Retaining 3/8” wing nuts are available but only utilized during the more severe wave test conditions.
There are 4 Weight Studs/Posts located on the 4 corners (port and starboard, fore and aft) of the Horizontal Drag Plate. Each weight disc has a monofilament lifting loop which can be captured via a boat hook and lifted off or placed on its Weight Stud-Post. There is no need to use wing nuts on these weights as Drag Plate motion, even with severe waves, is quite docile. Because the Horizontal Drag Plate is 2.0 meters below the Still Water Line a telescoping (to 10 ft. length) Boat Hook is used. A sight glass is also provided by RTI to eliminate sight refraction and get a good view of the Weight lifting loops when using the boat hook (especially when water surface ripple and/or glare is present). 
 

[bookmark: _Toc446000982][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][bookmark: _Toc457738075]Data Processing and Analysis
[bookmark: _Toc457738076]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/other 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 DAS are stored in a tab delimited text file.
[bookmark: _Toc457738077]Data analysis
The data processing and analysis is divided 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 17 and the calculated values for the data analysis are provided in Appendix J. 
Post Test Analysis
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[bookmark: _Toc457738174][bookmark: _Ref450208127][bookmark: _Toc450244062]Figure 34. 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: _Toc457738078]“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: _Toc457738079]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: _Toc457738099]Table 5. 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 Caderock 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.

[bookmark: _Ref445998114][bookmark: _Toc457738082]Appendix A: Device electrical and mechanical drawings 
Electrical Section
[bookmark: _Toc457738100]Table 6. Power and Data Channels
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[bookmark: _Toc457738175]Figure 35. RTI E&C System Block Diagram – Motor Shaft
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[bookmark: _Toc457738176]Figure 36. RTI E&C System Block Diagram - Power Take-off
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[bookmark: _Toc457738177]Figure 37. RTI E&C System Block Diagram - Miscellaneous Controls
Mechanical Section
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[bookmark: _Toc457738178]Figure 38. RTI F2 QD 1/20th test model isometric
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[bookmark: _Toc457738179]Figure 39. RTI F2 QD 1/20th scale detailed drawing – plan view
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[bookmark: _Toc457738180]Figure 40. RTI F2 QD 1/20th scale detailed drawing – side view
[bookmark: _Ref445998133][bookmark: _Toc457738083]Appendix B: PTO calibration results


[bookmark: _Ref445998143][bookmark: _Toc457738084]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: _Toc457738085]Appendix D: Detailed description of control strategy
For the Detailed Description of the RTI F2 QD Control Strategy please first refer to Sections 4.2 PTO Description, 4.3 Device Properties, and 4.6 Control Strategy. Please also refer to the E&C (Electronics & Controls) Block Diagrams in Appendix A, Electrical Section.
The RTI F2 QD 1/20th scale model Control Strategy uses a two-tiered control system. The Tier 1 back-up system is the simplest, and is similar to the system used in our 1/50th scale model where the wave resistive force (generator torque) was directly proportional to Float angular velocity (RPM). In this system the multi-pole permanent magnet motor-generator is used as a 3 phase AC generator connected to 3 adjustable 0-100 ohm, 100 watt resistors. In the Tier 2 primary control system, the same motor-generator will be used as a motor with its torque digitally controlled during each wave cycle utilizing a digital torque “gain” preset prior to testing during each wave test condition. The torque gain during Float up-strokes (during oncoming wave crests) may be set to a different level (generally larger) than the torque gain setting for ensuing wave troughs (where Float is falling). While this system allows use of wave to wave adaptive control based on sensing individual oncoming wave heights and arrival times (using RTI pressure transducers or Carderock Wave Staffs), the short Wave Energy Prize design, build, and pre-testing schedule precluded implementation of an adaptive control system.  The RTI 1/20th model also has an Electro-Mechanical Brake (EMB) which can be used for “latching” at the 0 RPM start (wave trough) of each wave cycle and disengaged at either a preset time or torque (based on the average wave period or amplitude for that test set) (or based on the pre-measured oncoming wave if adaptive wave-to-wave control is used). Again the short WEP schedule did not provide time to pre-test the EMB for “Latching” control. Our high torque permanent magnet hub-motor type motor-generator with its 8:1 gearbox and our 4:67 chain drive does provide relatively high torque. 
Additionally;
1. Regarding software control response to programed architecture and on-board and remote sensors, we do not plan a control response using Carderock’s optical tracking system. We would, of course, like to receive optical tracking video and data for future R&D use. 
Our on-board sensors consist of our 2 submersible tension-compression Load Cells (one on each split and hinged Drive or Swing Arm) and 2 high resolution magnetic encoders (both on common drive axel).  Because the 2 Drive arms are connected to a common Drive Axle, Loads must be measured in both Cells and summed to get total torque. We have a back-up provision to unload either cell and use only one cell for total torque (if either cell fails) but it places higher stresses on the single loaded Drive Arm (and may result in Drive Arm structural failure, especially in the extreme wave cases). 
2.  We do plan to add or subtract high density ballast weight discs to our Float (deck), and or Frame (Horizontal Drag Plate) between tests (using boat hook and/or Carderock punt). As described in Section 4.3 Device Properties and Dev ice Froude Scaling above, the Full Scale RTI F2 QD device can readily provide a wider range of Float and Frame weight changes than the 1/20th scale weight discs, by utilizing the Float and Frame seawater ballasting systems, the automated operation of which has been previously described. 
If our electronic motor torque control system malfunctions at Carderock, we will use, as a back-up plan, our 3 resistor loads (3 resistors each rated at 100 watts and adjustable from 0 to 100 ohms) using our motor as a generator.


[bookmark: _Ref446001895]
[bookmark: _Toc457738087]Appendix E: Raw Data Channel list 
	
	 
	 
	 
	 
	 
	 
	 

	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

	WEC Prize Test Sensors

	 
	 
	Mooring Tension 1
	 
	 
	 
	 50 Hz
	See data file for conversions used during testing

	 
	 
	Wave Height 1
	 
	 
	 
	 50 Hz
	

	 
	 
	Wave Height 2
	 
	 
	 
	  50 Hz
	

	 
	 
	Wave Height 3
	 
	 
	 
	 50 Hz 
	 

	
	
	Wave Height 4
	
	
	
	 50 Hz
	

	
	
	Wave Height 5
	
	
	
	 50 Hz
	

	
	
	Wave Height 6
	
	
	
	 50 Hz
	

	
	
	Wave Height 7
	
	
	
	 50 Hz
	

	
	
	Wave Height 8
	
	
	
	 50 Hz
	

	Team Sensors

	
	
	Water Pressure 1
	6 PSI pressure transducer
	
	PX180B-006GV
	1 kHz
	Gain 600

	
	
	Water Pressure 2
	6 PSI pressure transducer
	
	PX180B-006GV
	1 kHz
	Gain 600

	
	
	Mechanical Force Left
	1000 lbf load cell
	
	WMC-1000
	1 kHz
	Gain 2.1636E+6

	
	
	Mechanical Force Right
	1000 lbf load cell
	
	WMC-1000
	1 kHz
	Gain 2.1636E+6

	
	
	Auxiliary Sensor 1
	
	
	
	1 kHz
	N/A

	
	
	Auxiliary Sensor 2
	
	
	
	1 kHz
	N/A

	
	
	Auxiliary Sensor 3
	
	
	
	1 kHz
	N/A

	
	
	Auxiliary Sensor 4
	
	
	
	1 kHz
	N/A

	
	
	Magnetic Encoder Left
	8192 P/rev Quadratic Magnetic Encoder
	
	BEI HHU9
	1 kHz
	Gain 0.00197

	
	
	Magnetic Encoder Right
	8192 R/rev Quadratic Magnetic Encoder
	
	BEI HHU9
	1 kHz
	Gain 0.00197




[bookmark: _Ref446001928]
[bookmark: _Toc457738088]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA

Initial:
· Verify Drive Arms are in the desired center of travel at the still water condition (approx. 350)
· Verify and note base line Float Weights (20 lb. +/-) and Frame-Drag Plate Weight (50 lb. +/-)
Every run:
· Record water temp, 
· Record wave test point
· Check for loose bolts where possible
· Verify integrity of optical markers
· Verify telemetry (loads, position, motion tracking) is recording
· Record any still water pre-load on Load Cells



[bookmark: _Toc457738089]Spot Check Procedure
Prior to testing, the first spot check will be performed in the Carderock parking lot outside of the MASK facility. This can be done on the Thursday or Friday of Set-Up Week to save Test Week Time. The spot check will be performed to verify the accuracy and the scale of the dynamic and kinematic sides of wave power capture which use either of two (2) rotary encoders (mounted on both ends of a common Drive Axel) and both the port and starboard load cells, respectively.
The Spot Check procedure is performed with the F2 QD Frame Assembled from the Mid-Frame Vertical Spar section and above (including the PTO Housings, upper Vertical Spars, and upper Cross Truss beam but excluding the Lower Vertical Truss sections and Drag Plate Assembly) bolted to a Temporary Assembly Stand which holds the Frame and PTO Housings in their vertical position. 
To spot check the 2 Load Cells (port and starboard side) mounted on their respective Drive Arms in both tension and compression, the Drive Arms are rigidly connected by their clamping couplings to the common Drive Axel and oriented exactly horizontally (using a Carderock provided level). The Arms are maintained in a horizontal position (placing the Load Cells in compression) using an RTI provided Drive Axel Locking Bar which prevents Drive Axel Rotation via contact with the Temporary Assembly Stand. Either multiple and varying combinations of RTI 2.5 lb. and 5.0 lb. Frame and Float Weights (about 100 lbs. total) or Carderock provided weights are hung from the outermost Drive Arm to Float Mounting holes on the Arms and the Load Cell readings are noted which are equal to the added weight times the Mounting hole to Drive Axel axis distance/Load Cell to Drive Axel axis distance (approx. 2.5:1). The Drive Axel is then rotated 1800 (still horizontal) and reloaded with weights on the Drive Arm placing the Load Cells in tension. While the Load Cells are rated at 1,000 lbs. maximum for robustness, the Cells should not see more than 150 lbs. in tension (gravity of 50 lb. Float with max 25 lb. Float Weights x 2.5 lever ratio over 2 Arms). Maximum compressive loads (from buoyant and kinetic wave forces on the Float) on the cells should be below 500 lbs. RTI would prefer not to spot check at more than the above maximum anticipated loads to avoid stripping the threads (which are only 1/4”-28) on these small (but expensive) Load Cells. 
The BEI high resolution magnetic encoders can also be spot checked using the same Temporary Assembly Stand set-up described above. The Encoders are mounted to each end of the common Drive Axel and are therefore redundant. It is anticipated that one encoder signal will go directly to the Carderock DAQ and the other to the RTI DAQ. The Drive Axel Locking Bar described above, which is attached to the Drive Axel with its own clamp coupling, can be removed or loosened allowing the Drive Arms and Drive Axel to rotate through their anticipated maximum travel arc (350 from horizontal in Still water plus 350 on wave crests and minus 450 in wave troughs). With the Float detached either Drive Arm (both are rigidly connected to the Drive Axel) can be rotated to various angles (measured by a laser, bubble, or other level measure provided by Carderock) and the encoder readings noted and calibrated against the level measurements.  
The spot check apparatus utilized in the Load Cell and Encoder spot check procedures described above utilize RTI’s Temporary Assembly Stand which consists of two (2) 2” x 4” x 6 ft. length wood timbers and a single 2” x 4” x 6 ft. aluminum cross tie beam which rest on a flat surface and are both bolted to the bottom flanges of the two (2) Mid-Frame Vertical Spar sections (short vertical Frame sections directly below the 2 PTO housings). This allows the F2 QD mid and upper Frame to remain in a vertical orientation without elevating it with the Lower Vertical Spar Frame sections (which would require ladder access for assembly, wiring, and spot checks). The Spot checks also require the Drive Axel Locking Bar (by RTI), gravity weights (up to 100 lbs. by RTI with additional weights by Carderock), a scale for pre-weighing weights (by Carderock), and a laser or bubble type level for encoder angle calibration (by Carderock). Readings of the Load Cells and Encoder signals can be by use of either RTI or Carderock/DA DAQ units (or both).  

The following two spot checks will be performed:
1. Load cell performance by incrementally increasing and decreasing weight added to the float. Data will be collected for an interval of 60 seconds for each individual load. At least 5 increments will be needed spanning the full anticipated loads on the load cell. This should be repeated twice.
2. Rotary encoder performance covering the full range of the encoder with increments of 30 degrees. Data will be collected for an interval of 60 seconds for each individual load. Ideally, finer increments should be used within the range of expected motions. This should be repeated twice. Because the 2 encoders are directly on the Drive Axel which is rigidly connected to the Float by the 2 Drive Arms, RTI does not anticipate a travel arc of more than 800 but the Drive Axel with Drive Arms attached can be rotated through a complete 3600 if desired. 
	Spot Check 1 – Load cells

	Calibration weight applied
(lbf)
	Load cell reading
Load cell 1
(mv/V)
	Load cell reading
Load cell 2
(mv/V)

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



	Spot Check 2 – Rotary Encoder

	Directly Measured Angle
(units)
	Rotary encoder reading 
Rotary Encoder 1
(units)

	Rotary encoder reading 
Rotary Encoder 2
(units)


	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



For every run, the following check will be performed to ensure the WEC is ready for testing
· Check for loose bolts, appendages, and connectors
· Check and Note Load Cell pre-loads (tension or compression) in still water
· Check for changes in still water Load Cell pre-loads which may indicate slippage between Drive Arms and Drive Axel. Tighten Drive Arm Clamping Couplings if necessary.
· Water level of both device Frame and Float
· Add or subtract Float Weight and/or Frame-Drag Plate Weight for different Wave Conditions to simulate Full Scale adjustable Seawater Ballasting.
· Verify integrity of optical markers
· Verify telemetry (loads, position, motion tracking) is recording
· Verify umbilical is free of tangles and twists and confirm that umbilical cables are not impeding F2 QD model’s self-orienting weather vanning properties. 


[bookmark: _Ref446001944][bookmark: _Toc457738090]Appendix G: Team provided sensors – specifications and calibrations
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Port Drive Arm Load Cell
[image: ]

Starboard Drive Arm Load Cell
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[bookmark: _Ref446345778][bookmark: _Toc457738092][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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DimensionsDescription Full Scale 1:20th Scale

Float

m Float Length (side-to-side, outer) 28.00 1.40

m Float Radius (inner face) 8.76 0.44

deg Arm angle (from horizontal), eqlbm. 35 35

deg Face angle (from horizontal), eqlbm. 35 35

Height (Top panel to bottom of wedge) 0.235

deg Arc length of shoaling lip 35 35

Mass and Inertia

kg  Mass (no ballast) 208320 26.04

m CG of Float Only  7.9 0.395

m (relative to still waterline -1.446 -0.0723

m Axle location (relative to still water line) -6.42 -0.321

Mass moments of inertia ABOUT AXLE

kg-m^2 Ixx 3.08E+07 9.62E+00

kg-m^2 Iyy 2.43E+07 7.58E+00

kg-m^2 Izz 3.88E+07 1.21E+01

Frame



Dimensions



m Flotation column Width (at waterline) 1.52 0.08

m

Flotation column Length (fore-aft, at 

waterline) 6.60 0.33

m Flotation column Height 22.80 1.14

m Frame Flotation Draft 15.60 0.78

m Height (total - adjustable) 67.40 3.37

m

Leg length (bottom of flotation to heave 

plate) 36.40 1.82

Mass and Inertia

kg

Mass (no ballast. NOT INCLUDING HEAVE 

AND SURGE PLATES) 435280 54.41

m CG, relative to still water line 11.01 0.55

Mass moments of inertia ABOUT AXLE

kg-m^2 Ixx 2.04E+08 6.39E+01

kg-m^2 Iyy 9.10E+07 2.84E+01

kg-m^2 Izz 1.14E+08 3.58E+01

Values
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DimensionsDescription Full Scale 1:20th Scale

Heave/Surge Plates

Dimensions

m Heave Plate Length (port-starboard) 36.60 1.83

m Heave Plate Width (fore-aft) 12.83 0.64

m Heave Plate Height (floor to edges) 2.20 0.11

m

Surge (Vertical Drag) Plate Length (port-

starboard) 31.40 1.57

m

Surge (Vertical Drag) Plate Height (floor 

to edges) 7.28 0.36

Mass and Inertia

kg Heave plate Mass (no ballast. ) 94800 11.85

kg Vertical Drag Plate Mass (no ballast. ) 51840 6.48

kg Total Heave/Surge Plate Mass (no ballast) 146664 18.333

m CG, relative to Still water line -48.50 -2.43

Mass moments of inertia ABOUT PLATE 

CG

kg-m^2 Ixx 1.99E+07 6.22E+00

kg-m^2 Iyy 3.02E+06 9.43E-01

kg-m^2 Izz 2.02E+07 6.31E+00

Float

Drag

m^2/m Projected Area of Leg Trusses/length 0.635 0.050

m/s Characteristic Velocity 1.459 0.326

m Characteristic Length 0.20319999 0.1

Reynolds Number 2.62E+05 2.89E+04

Cd of Leg Trusses 1.11 1.12

Cd*A/L 0.70 0.06

Characteristic Drag Force 768.422793 3.053429587

Values
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E&C Block Diagram (1 of 5)
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E&C Block Diagram (2 of 5)
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FLOAT FOR CARDEROCK USE
TO CHAIN &

| ROTARY A/B ROTAF
CARDEROCK & INDEXED N g ‘SPROCKET
NAVYLAB ENCODER EF (BLock-3)

LOAD-CELL
EXCTRMEAS

LOAD-CELL
EXCTRMEAS

ENCODER
EXCTRMEAS

)
Nis236 STRAIN-| X6 [N19361 TIMER |
GAGE MoD 8.cH COUNTER 8.CH

NATIONAL INSTRUMENTS cRIO-9035 MODULE-RACK, 8-SLOTS

NOTE-1 : SEE BLOCK-5_FOR FEEDBACK OF
ANALOG LOAD-CELL DATA FROM CARDEROCK





image24.jpg




image25.jpeg




image26.png
Inverter Boat

~Torque Control

*Model - -
BK®recision 1666





image27.png




image28.jpeg
Piccolo TMS320F2806 Card

e
&
=3

=
7}
£
g
2
=

=

K
=
=
=3

&}
@
3
g
5

=





image29.jpg
(4] WaveGUI

Start

Controller Settings
Gain Positive

.

COM Port

Check Communication
coms

Gain Negative

-10

Delete COM Objects





image30.jpeg




image31.jpeg
Optical Tracking
Stud Locations





image32.jpg
RTI F2 QD Deployment and Retrieval Sub-assemblies
Plastic Coated Steel Lifting Cable

Upper (Horizontal) Frame ’
Lateral Cross-Truss \'g%

Vertical Frames attached
to Mid Frame Section &
PTO Housing

Control Wires

EM Housing Assembly

Float Assembly

Lower Frame legs

Drive Axel
& Drive Arms

Drag Plate Assembly




image33.jpeg
RTI F2 QD Mooring Deployment/Retrieval System

=z

Surface Toggle Marker Boat Hook used

for Assembly
and Disassembly

F2ap,
56 ateral Mooy .
\""’\“"8 lines

—

p Submerged Mooring Buoy

.

Catch
Swivel Lateral i

Plte RE'_easl
Pin

Mooring Lines





image34.jpeg




image35.jpeg




image36.jpeg




image37.png
POWER AND DATA CHANNELS

Power Requirements Data /0
Components Supply |component [Output Signal Type Data Sheet
Load Cell 15vDC Load Cells (2) [2mV/V_Max Volts: 30mvDC |interfaceforce
BEI Encoder |330vDC BEI Encoder |3-Channel Push-Pull Output_|BEI Sensors
CRIO-9035 120vAC |Carderock Wave Gauge

D\iwa\ Pvivammah\e Load [120VAC





image38.jpg
E&C Block Diagram (3 of 5)
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E&C Block Diagram (4 of 5)
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E&C Block Diagram (5 of 5)
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The Leader in Force Measurement nterface

Model WMC Miniature Sealed

Stainless Steel Load Cell
Capacities 1K-10K Ibf (4500-45000 N)

* Proprietary Interface temperature
compensated strain gages

« Tension & compression
* Small size
* Environmentally sealed

STANDARD CONFIGURATION
5ft. (1.5m) Integral Cable

OPTIONS

SPECIFICATIONS

Extra Cable Length ACCURACY - (MAX ERROR)
Nonlinearity-% FS +0.20
Hysteresis—% FS +0.20
ACCESSORIES Nonrepeatability-% RO +0.05
Creep, in 20 min-% +0.05
Instrumentation TEMPERATURE
@ Compensated Range—°F 1510 115
DiA. Compensated Range-°C -10to 45
Operating Range—°F -65 to 250
R Operating Range—°"C 54 t0 121
Effect on Output=%/°F — MAX +0.002
! i Effect on Zero— % RO/°F — MAX +0.005
/L ’,' ELECTRICAL
@ { B 2 Rated Output-mV/V (Nominal 20
® © | ' \ T | o B s : 20
i Bridge Resistance-Ohm (Nominal) 350
—— Excitation Voltage-MAX 15.0 VDC
DTAA Insulation Resistance-Megohm > 5000
3 MECHANICAL
® - © Calibration T&C
e A Safe Overload-% CAP 150
& ¥@ Cable length 5 ft. (1.5m)
™ Weight 0.13-0.50 (Ib)
59.0-226.8 (g)
DIMENSIONS
CAPACITY
See 1K Ibf (4.5 kN) 2K, 3K Ibf (3, 13 kN) 5K Ibf (22 kN) 7.5K, 10K Ibf (33, 45 kN)
Drawing inch mm inch mm inch mm inch mm
() 0.53 134 0.72 183 0.94 239 1.09 27.7
(2) 0.03 0.8 0.03 0.8 0.03 0.8 0.03 0.8
(3) 1.00 254 1.00 254 1.25 31.8 1.38 349
(4) 0.38 97 0.50 127 0.63 16.0 0.88 224
5) 0.250-28 UNF 0.375-24 UNF 0.500-20 UNF 0.750-16 UNF
Méx1 M10x1.5 M12x1.75 M16x2
6) 0.50 127 0.50 127 0.50 127 0.50 127
= 1) 0.39 9.9 0.39 9.9 0.39 9.9 0.39 9.9
= (8) 1.32 335 175 445 2.23 56.6 2.88 73.2
Z ©) label label label label
Eo Deflection @ RO 0.0022 in 0.0020 in 0.0017 in 0.0016in (7.5K) | 0.0015in (10K)
og 0.056 mm 0.051 mm 0.043 mm 0.041 mm 0.038 mm
=3
lnterfane Interface Inc. « 7401 East Butherus Drive * Scottsdale, Arizona 85260 USA * Phone: 480.948.5555 « Fax: 480.948.1924

www.interfaceforce.com « Email: contact@interfaceforce.com  ORDER TOLL-FREE 800.947.5598

ADVANCED FORCE MEASUREMENT
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MM ERriace
LOAD CELL CALIBRATION CERTIFICATION

CONDITION: FINAL

MODEL: WMC-1000-460 SERIAL: 545852 BRIDGE: A CAPACITY: 1000 Ibf
PROCEDURE: C-1257

INPUT RESISTANCE: 352.6 Ohm  OUTPUT RESISTANCE: 352.7 Ohm
ZERO BALANCE:  -0.073%RO

TEST CONDITIONS
TEMPERATURE: 75 °F  HUMIDITY: 29% EXCITATION: 10 VDC

TRACEABILITY

FORCE STANDARD: STD-36  NIST# STD-36H0814 DUE: 15-AUG-2016
STANDARD INDICATOR: BRD252 NIST#: 050898
TEST INDICATOR: BRD250 NIST# 050898

SHUNT CALIBRATION

Shunt Straight Line
(+/- .01%) Output Conversion Connections*
TENSION 60.0 KOhm  1.46654 mV/V 713.29 Ibf -Out to -Exc

COMPRESSION 60.0 KOhm  -1.46923 mV/V 707.54 lbf -Out to +Exc

*For models wired with +Sense, - Sense or -SCal leads, resistor connections
are actually to these leads in place of +Exc, -Exc or -Out respectively.

PERFORMANCE
Rated Output SEB OQutput  Nonlinearity Hysteresis SEB

TENSION 2.05581 mV/V.  2.05604 mV/V  0.015 %FS -0.015 %FS +0.011 %FS
COMPRESSION  -2.07626 mV/V  -2.07654 mV/V  -0.006 %FS 0.026 %FS +0.014 %FS

STATIC ERROR BAND (SEB) The band of maximum deviations of the ascending and descending calibration points from a best fit
straight line through zero OUTPUT. Itincludes the effects of NONLINEARITY, HYSTERESIS, and nonreturn to MINIMUM LOAD.

TEST LOAD RECORDED READINGS (mV/V)

APPLIED (lbf) Tension Compression
0 .00000 .00000

400 .82264 -.83037

1000 2.05581 -2.07626

400 .82234 -.83090

0 -.00016 .00005

Interface Inc. certifies that all calibration measurements are traceable to NIST. Estimated
uncertainty of measurements is 0.050% RDG. Results relate to serial 545852 only.
DO NOT REPRODUCE THIS REPORT except in full or with Interface Inc. written approval.

TECHNICIAN : Joseph Pezzi CALIBRATION DATE : 24-MAY-2016

Interface Inc.
7401 East Butherus Drive- Scottsdale, Arizona 85260 U.S.A
Telephone (480)-948-5555 - FAX (480)-948-1924

F16-3D-1215 Page 1 OF 1
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MO incerface

ADVANCED FORCE MEASUREMENT

LOAD CELL CALIBRATION CERTIFICATION

CONDITION: FINAL
MODEL: WMC-1000-460 SERIAL: 545888 BRIDGE: A CAPACITY: 1000 Ibf
PROCEDURE: C-1257

INPUT RESISTANCE: 352.4 Ohm  OUTPUT RESISTANCE: 352.5 Ohm
ZERO BALANCE:  -0.697 %RO

TEST CONDITIONS
TEMPERATURE: 75 °F  HUMIDITY: 29% EXCITATION: 10 VDC

TRACEABILITY
FORCE STANDARD: STD-36 NIST# STD-36H0814 DUE: 15-AUG-2016
STANDARD INDICATOR: BRD252 NIST# 050898

TEST INDICATOR: BRD250 NIST#: 050898
SHUNT CALIBRATION
Shunt Straight Line
(+/- .01%) Output Conversion Connections*
TENSION 60.0 KOhm  1.46554 mV/V 695.07 Ibf -Out to -Exc

COMPRESSION 60.0 KOhm -1.46068 mV/V 686.03 Ibf -Out to +Exc

*For models wired with +Sense, - Sense or -SCal leads, resistor connections
are actually to these leads in place of +Exc, -Exc or -Out respectively.

PERFORMANCE
Rated Output SEB Output  Nonlinearity  Hysteresis SEB
TENSION 211024 mV/V  2.10849 mV/V  -0.068 %FS -0.048 %FS +0.083 %FS
COMPRESSION -2.13143 mV/V  -2.12917 mVIV  -0.110 %FS -0.038 %FS *0.106 %FS

STATIC ERROR BAND (SEB) The band of maximum deviations of the ascending and descending calibration points from a best fit
straight line through zero OUTPUT. It includes the effects of NONLINEARITY, HYSTERESIS, and nonreturn to MINIMUM LOAD.

TEST LOAD RECORDED READINGS (mV/V)

APPLIED (lIbf) Tension Compression
0 .00000 .00000

400 .84266 -.85023

1000 2.11024 -2.13143

400 .84165 -.84941

0 -.00015 .00031

TECHNICIAN : Ké Karsten Mueller CALIBRATION DATE : 24-MAY-2016
P

Interface Inc.
7401 East Butherus Drive- Scottsdale, Arizona 85260 U.S.A
Telephone (480)-948-5555 - FAX (480)-948-1924

F16-3D-1215 Page 1 OF 1
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BElIscnsors

Incremental Encoder

Cable or M12 connection

LP series
®= C€

Low profile package saves space

Excellent resistance to shock and vibration
High protection level of IP66

Resolutions from 1 to 10000 PPR

Certifications:

The LP Incremental Encoder is available with the
following certifications

c € 2004/108/CE

c

LISTED
Proc. Cont. Eq.
E477663

us

Mechanical Characteristics:

Cover : anodised aluminum

Material Body : anodised aluminum
Shaft : AISI 303 stainless steel
Ball bearings 6807 - Sealed
Axial: 40 N
Maximum loads
Radial: 80 N

Shocks (EN60068-2-27)

* please reference the user manual heat derating curves

< 3000m.s2 (during 5 ms)

Available mechanics - shaft options:

HHK9: Blind
Hollow Shaft

HHU9: Through
Hollow Shaft

30mm standard through shaft, PEEK reduction hub available

High performance in temperatures from —40°C to +100°C

M12 or cable output (also available with terminal box connection)

Also designed for use in hazardous areas (contact factory)

Output Waveform:
Waveform AA/ BB/ 00/ Channel B before A Clockwise

Index calibration gated A & B (code 9)  Index calibration gated B (code V/US)

Z 90° [ Z180° ;
A ] | A i
B j ot 45t B el | L R
Vibrations (EN60068-2-6) < 200m.s2 (55 ... 2 000 Hz)
Shaft inerfia < 84000 g.mm?
Static/Dynamic torque 30 / 300 mN.m
Continuous max. speed * 6000 min-!

Theorefical mechanical lifetime Lich** > 18.10° fumns / 100000 hours

Encoder weight (approx.) 4509

** continuous max. speed — % max. load - 1SO 281, Lie

HHA9: Shaft with
Integrated coupling

HHM9: Solid Shaft
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BE’SENSORS Floating Mountings LP Series

Incremental Encoder Cable or M12 connection {@w C €
Dimensions
HHU9 - Through hollow shaft — with cable output CHc M4 Screw
25 (SW3)—
[1.378]
2
[0.079]
8.5 0s
[0.335] [uﬁzu]
e
8 — f s 13 L
| [oas7 i 1o,
[0.551 ‘
" Anti-rotation slots
Note

CHc : Hexagonal Socket head cap screws HC : Hexagonal socket set screws

Dimensions
HHU9 - Through hollow shaft — with M12 output and anti-rotation 9445/053
¢ W
el r il gl
25 . 435
[0,008] | [2992] ,713]

[2.087]

2=
s|=
196
[0.236]

Dimensions é:chrg vl}/\éxgo
HHK9 - Blind hollow shaft — with M12 output |
26
[1.024], 25
[0.098]
o 05
[0.020]
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T0.264] @ [02_;561
te—l  20max.
B i ‘[_l}757 max.]
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BE/[sensors
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Cable or M12 connection

Electrical Characteristics:

Version Qutput  pesotution

signals
PGS HIL
1
262 fo
10000
m
RS422
RG2

Operating Supply
Voltage current

Vel (noloads) ~  pair

5-30V/
===250mA

5V+/-5%
=== 250mA

4.75-30V
=== 250mA

75mA

40mA

Current per
channel

Output Levels
{Is=20mA)

Low max:
0.5V
High min:
Vel-2.5V

Low max:
0.5v

High min =
4y

() UL listed: -20°C +80°C. Device must be supplied by a Class 2, LPS or SELV limited energy source.

Connection:
- +
GM M12 - 8 pins 1 2
c3 PVC cable WH BN
8 wires white brown
ce PUR cable BK RD
8 wires black red
or PUR cable WH whife + BU blue +
12 wires (not UL) ~ WH/GN whife /green  BN/GN brown / green
Silicon? cable WH BN
8 wires (not UL) Sl ey

A B
3 4
GN YE
green  yellow
GN BN
green  brown
GY BN
gey  brown
GN YE

green yellow

(?) Advised cable for mobile application, in exireme temperature from -40°C to +100°C

Available resolutions:
Standard: 32 64 100 128 250 256 360 500 512 600 720 1000 1024 1200 1250

8192 10000

For non-standard and resolutions above 10000 PPR, please contact factory

LP Incremental Ordering Options
Use this diagram, working from left to right to construct your model number (Example : HHA9_E//PG5V/US/01024//GMR//Ué)

HH_9 e

TYPE: SHAFT BORE:

HHU9 =
hollow shaft

HHK9 =
blind shaft

HHA? =
hollow shaft
with
integrated
coupling

HHM? = E3=3/8"
solid shaft 12=12mm

7

VOLTAGE/
OUTPUT:

2G2= 5V voltage
and RS$422 output

PG5 =530V
voltage and
push-pull output

RG2 = 4.75-30V.
voltage and
RS422 output

CHANNELS:

9=
AA/ BB/ 72/
B before A

7 gated A&B

V/US =
AA/BB/1Z/
B before A

ZgatedonB

I

"

CYCLES/
TURN:

(Enter
Cycles)

See
available:
resolutions

above

Stainless steel option available. Anti-rotation accessory: M9445/053 to be ordered separately.

Short

Reverse

Frequency Temperature
capability cm's pol‘:":‘ range
Yes
Up to 1MHz Yes o 1n A0 C IT; e
Yes
(except
fo Vel)
7 Al B/ 17 Ground
Connector
5 6 7 8 Body
GY PK BU RD. General
grey pink blue red shielding
VI YE o/c} BU General
violet yellow  orange blue shielding
RD PK GN BK General
red pink  green  black  shielding
GY PK BU RD General
grey pink blue red  shielding

1500 2000 2048 2500 3600 4096

OUTPUT
TERMINATION:
G3R=PVC
cable
GCR = PUR
cable
GPR = PUR
cable (nof UL)
TER = Silicone
cable (not UL)

GMR = M12

CABLE
LENGTH:

X0 = cable
length
ex.020 =
2meters

Blank (no
cable)

7

5000 7200

HUB:

us=
With
insulated
sleeve

us=
Blind sleeve
us=
Through
sleeve

no sleeve

BEI SENSORS Europe
9. rue de Copenhague

Espace Européen de ['Entreprise-Schiltigheim
BP 70044 - 67013 STRASBOURG Cedex France

BEI SENSORS North America
1461 Lawrence Dr | Thousand Oaks, CA 91320 USA
Tel: 800-350-2727 or 805-968-0782

Fax: 800-960-2726 or 805-968-3154
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DATASHEET

NI 9361

8-Channel Counter Input Module.

* 8-CounterInput Chamels, | MHz maximum input
ate, 102.4 kb maximum sample rate

© V105 Vdifferential, 0V to24 V single-ended
counter input

+ Switchable | KR internal pull-up esistor or
open-collector o push-pull sensors

+ 60 VDC, CAT I channel-o-carh isolation

* Industry-standard 37-pin DSUB connector

+ ~40°C 1070 °C operatng, g vibration 50 g shock

“The NI 9361 counter input module festurs § channels that you can configure s differntial or
single ended for a CompactDAQ or CompactRIO system. Each NI 9361 provides 8 embedded
countes. This allows you (o expand your CompactDAQ system beyond the 4 backplane.
counters.

‘You can configure each channel to read a single-pulse train or combine them together 0 read
incremental encoders. You can aso dirctly conncct sensors with open-colectoror push-pull
outputs using theinteral switchable 1 K2 pull-up resistors and simplify your sensor wiring by
routing sensor power throughthe module.

“The NI 9361 32-bit counters ar capable of standard counter measuremens such as edge
‘counting, pulse width, period, and frequency measurement as well a encoder position and
Velocity measurements. You can synehronize with analog, digita, and other counter
measurements in your system with the NI 9361 counters.

“The NI 9361 counters provide cnhanced frequency and duty-cycle (PWM) measuremens. For
frequeney measurements,the counters support a Dynamic Averaging mode llowing you (0
oblain frequency measurcments that arc ptimized fo accuracy and laeney from 0 Hz up to
high ates. For duty-cycle measuremens, he counters an coreetly measure over th full
range from (%0 100%
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