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DA finalizes the content this section 
Further Conventions
[bookmark: _GoBack]CalWave is using the following convention for the positioning and orientation of the global coordinate system. This convention is equal to the most common convention used in Naval Architecture and specifically in wave energy conversion related research & development:
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Global Coordinate System Position and Orientation used throughout this report. Picture / Scheme by WECSim - Theory section (https://wec-sim.github.io/WEC-Sim/theory.html )
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1 [bookmark: _Toc445995738][bookmark: _Toc445995868][bookmark: _Toc445995998][bookmark: _Toc445996130][bookmark: _Toc445999044][bookmark: _Toc446000866][bookmark: _Toc446001011][bookmark: _Toc446002654][bookmark: _Toc446002807][bookmark: _Toc446002953][bookmark: _Toc445995609][bookmark: _Toc468112077]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.
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The top level objective of the 1/20th scale device testing is to obtain the necessary measurements required for determining Average Climate Capture Width per Characteristic Capital Expenditure (ACE) and the Hydrodynamic Performance Quality (HPQ), key metrics for determining the WEPrize winners [Wep15].


3 [bookmark: _Toc445995742][bookmark: _Toc445995872][bookmark: _Toc445996002][bookmark: _Toc445996134][bookmark: _Toc445999048][bookmark: _Toc446000870][bookmark: _Toc446001015][bookmark: _Toc446002658][bookmark: _Toc446002811][bookmark: _Toc446002957][bookmark: _Toc445995613][bookmark: _Toc468112087]Test Facility
The current content of this section is leveraged from the MASK Dry Run Test Plan. Carderock will finalize the content on this section. 
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 .   does not include the physical update of this wavemaker system, but a drawing of the new paddle layout can be seen in .  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 .  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 [Bro62].
[image: ]
[bookmark: _Toc468104411][bookmark: _Toc468112154]Figure 1. General Schematic of bridge and MASK basin.
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[bookmark: _Ref468111247][bookmark: _Toc468104412][bookmark: _Toc468112155]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. 
[image: Bridge Pictures 008]
[bookmark: _Toc468104413][bookmark: _Toc468112156]Figure 3. MASK carriage shown below the bridge at the center of the bridge.

[bookmark: _Toc392854666][bookmark: _Toc442202024][bookmark: _Toc383074748][bookmark: _Toc468112088]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 .
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”. 

[image: ]
[bookmark: _Ref429000536][bookmark: _Toc442202047][bookmark: _Toc468112157]Figure 4. General wavemaker characteristics and design.
[bookmark: _Toc392854667][bookmark: _Toc442202025][bookmark: _Toc383074749][bookmark: _Toc468112089]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.

[image: ]
[bookmark: _Ref429000556][bookmark: _Toc442202048][bookmark: _Toc468112158]Figure 5. MASK reference orientation, note that the orientation here is different than that in Figures 1 and 3. 
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[bookmark: _Toc468112092]Device Description
The CalWave 1/20th scale prototype WEC includes two bodies: An absorber and a buoyant platform. The rigid bodies are connected via four Power Take-Off (PTO) units, extracting energy from the device motion.  The device is orientated in such a way, that an incident wave with 0 degree angle heading would “see” the side of the absorber with the larger dimension. The entire system is held in place with four taut mooring lines, connected to the lower reaction platform. A schematic CAD drawing of the entire device can be seen in Figure 6.
The platform is designed to weakly interact with incident waves and is, moreover, held in place by the taut mooring, thus providing a stable reaction body for the oscillating absorber. The absorber body is designed to be excited by the incident waves in multiple degrees of freedom, mainly surge, heave, and pitch. Due to the two bodies’ relative motion, each of the PTO units experiences both compression and extension during operation. The mechanical impedance of the PTO units extracts energy out of this compression and extension. Mechanical springs [REDACTED] provide the necessary restoring force for the oscillating, coupled system.
[bookmark: _Ref453145331][image: ]
[bookmark: _Ref468110681][bookmark: _Toc468112159]Figure 6. Image of Device during Test
The platform is positively buoyant, with the design intent to provide a sufficient reaction force to withstand the forces from the waves acting on the absorber plate and being transferred through the PTO units into the platform. [REDACTED]. Furthermore, the platform is designed with the COG located below the COB to improve platform stability during operation, idling (submerged in calm water), as well as floating at the surface. This differs from standard practice in naval architecture, in which the COG is above the COB, because the platform is entirely submerged and thus cannot benefit from increased submerged volume when heeled. The chosen COB and COG location establish a stable equilibrium. The [REDACTED] mooring cables provide [REDACTED] counterforces to prevent movement [REDACTED].
The absorber plate allows modification of the geometry by varying [REDACTED] the absorber. Thus, depending on what settings are chosen by the control system, the geometry of the absorber body can be altered to match the desired hydrodynamic response of the body to incident waves. This can be used to significantly improve the balance between efficient operation and loads on the WEC structure. Moreover, it is an effective way to mitigate extreme loads, allowing leaner structure design and ultimately lower costs.
[REDACTED] For more efficient energy extraction out of these main DOF, the PTO units are orientated and tilted for a certain angle [REDACTED]. However, as [REDACTED] joints are used to connect the PTO units to the Absorber and Platform, the Absorber is capable of moving in sway, roll, and yaw [REDACTED].
In the devices, initial/idle position (no waves acting on the device), a specific angle in the xOz plane for the PTO orientation is maintained by choosing the PTO mounting points, [REDACTED] the absorber, and the spring stiffness. However, this PTO [REDACTED] changes during operation in waves, as soon as the absorber moves in any DOF. The change in the PTO [REDACTED] leads to variable, nonlinear restoring and damping forces acting [REDACTED] on the absorber. This change in damping and restoring forces is by design and contributes to the efficient operation of the device; it is part of CalWave’s unique working principle.
Section 4.1.2, “Device Properties”, provides a detailed overview of 1:20 prototype component. Also provide for each body are part numbers, individual weights, and quantities. PTO units as well as mooring components are included in this description.
[bookmark: _Toc468107045][bookmark: _Toc468107295][bookmark: _Toc468107455][bookmark: _Toc468107519][bookmark: _Toc468110250][bookmark: _Toc468110500][bookmark: _Toc468110570][bookmark: _Toc468111056][bookmark: _Toc468111162][bookmark: _Toc468112093][bookmark: _Ref453153372][bookmark: _Toc468112094]Power Take-Off Description

As with the full scale design, a hydraulic based PTO, shown in Figure 7, was selected for use in the 1:20 scale model. It primarily consists of a Bimba hydraulic cylinder, a check valve rectifier circuit and a Danfoss proportional solenoid valve.  The cylinder pumps water through the valve as the cylinder rod is actuated by the WEC absorber.  By electronically controlling the valve orifice size, the pressure drop over the valve can be varied, changing the effective damping of the PTO.  Because the valve is unidirectional, flow is rectified using a simple hydraulic circuit consisting of a series of check valves to maintain single directional flow over the solenoid valve.  This also allows a single solenoid valve to induce damping in both the upward and downward strokes of the cylinder.  High pressure PVC tubing connects the cylinder to the check valve circuit.  The hydraulic PTO system uses tank water as its working fluid so there are no concerns with hydraulic oil leakage.

[bookmark: _Toc468112160]Figure 7.  [REDACTED] 
A load cell integrated with the PTO will be used to directly measure force as the dynamic side of absorbed power.  A linear magnetic encoder will be used to directly measure position, and thus velocity, of the PTO as the kinematic side of absorbed power.  For more information about these sensors, please see Section 7.2.  Absorbed power for each PTO can then be calculated as the direct product of instantaneous PTO force and velocity.  The total device power is then simply the sum of power for each individual PTO.  
Measured PTO force and velocity can also be used to characterize the PTO behavior.  PTO characterization was performed first with an isolated hydraulic PTO system with linear actuator induced excitation and later in-situ on the device using monochromatic waves for excitation.  Details of the PTO characterization experiments can be found in Appendix B.  In general, the relationship between PTO force and velocity was found to be approximately linear under the relevant operating conditions. 

Commercially-available [REDACTED] springs are used in the full scale Power Conversion Chain (PCC). A close to linear behavior of these systems (slightly stepwise) is achieved by [REDACTED] springs. In the 1/20th scaled model, however, the restoring force in the PTO Units is provided by mechanical extension springs, which show a predominantly linear behavior in the operating PTO stroke range.  To have mechanical extension springs exert an effective stiffness over the entire PTO stroke, they need to be installed in such a way that they are still in tension even when the PTO is at its minimum stoke.  However, the PTOs also need to be in the [REDACTED] of their stroke when the system reaches hydrostatic equilibrium.  Thus, additional [REDACTED] compared to the full-scale absorber is added to the 1:20 scale absorber body by adding additional [REDACTED] springs and allow the PTOs to reach [REDACTED] their strokes. 
[bookmark: _Toc468112095]Device Properties
This section summarizes the overall device properties for the 1:20 scale model. Most of the following tables shown are divided into multiple subsections for each of the main bodies/WEC categories, namely Absorber, and Platform, as well PCC/PTOs. Tables for the following topics can be found in this section:

Table 1		Principle WEC Dimensions for Absorber and Platform
Table 2		Additional Absorber Properties
Table 3		Additional Platform Properties
Table 4		Detailed WEC Mass Table
Table 5		Principle Operating Characteristics
5 
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[bookmark: _Toc468112142]Table 1: Principle 1:20 scale WEC Dimension. Information clustered into Absorber, and Platform principle dimensions.
	Principle WEC Dimension

	
	Measurement
	Description
	Comments
	Verified at Carderock
	Measured by Team

	Absorber
Principle Dimensions
	Absorber overall length (parallel to 0° incident wave direction) [m]
	[REDACTED]
	
	
	Check

	
	Absorber overall width (perpendicular to 0° incident wave direction) [m]
	[REDACTED]
	
	
	Check

	
	Absorber overall height [m]
	[REDACTED]
	
	
	Check

	
	Absorber Mass [kg]
	[REDACTED]
	Absorber frame, aluminum cover sheets, springs, mounting brackets, screws & bolts, PTO pistons.
	
	Check

	Platform
Principle Dimensions
	Platform overall length (parallel to 0° incident wave direction) [m]
	0.918
	
	
	Check

	
	Platform overall width (perpendicular to direction of wave travel) [m]
	1.079
	
	
	Check

	
	Platform overall height [m]
	0.368
	
	
	Check

	
	Platform Mass [kg]
	[REDACTED]
	Platform [REDACTED], platform main frame, mounting brackets, PTO cylinders, hydraulic circuits mooring motors, mooring gearboxes, screws & bolts. 
	
	Check

	
	Vertical distance between absorber and platform [m]
	[REDACTED]
	
	
	Check
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[bookmark: _Toc468112143]Table 2: Additional absorber properties. Multiple properties of the 1:20 scale WEC prototype are depending on the specific device operating mode in the different sea states.
	Additional Properties - Absorber

	
	Measurement
	Description
	Comments
	Verified at Carderock
	Measured by Team

	Absorber
	Center of gravity (m)
	[REDACTED]
	Absolute value measured from the mean water surface. This value is depending on the operating depth of the device [REDACTED].
	
	

	
	Center of buoyancy (m)
	[REDACTED]
	Absolute value measured from the mean water surface. This value is depending on the operating depth of the device [REDACTED].
	
	

	
	Draft
(static waterline) (m)
	[REDACTED]
	Absolute value measured from the mean water surface to the bottom side of the absorber. This value is depending on the operating depth of the device which is [REDACTED].
	
	

	
	Moment of inertia
	Pitch (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	
	Roll (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	
	Yaw (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	Wetted surface area (m2)
	[REDACTED]
	Fully submerged absorber body
	
	



*hoperating: The operating depth of the device is defined as an operating mode depending variable (also see Controls Section - XXX). COG, COB, and draft change linearly with changing operating depth. hoperating is always measured from the mean water surface to the top of the absorber body.
8 

[bookmark: _Toc468112144]Table 3: Additiona platform properties. Multiple properties of the 1:20 scale WEC prototype are depending on the specific device operating mode in the different sea states.
	Additional Properties - Platform

	
	Measurement
	Description
	Comments
	Verified at Carderock
	Measured by Team

	Platform
	Center of gravity (m)
	[REDACTED]
	Absolute value measured from the mean water surface. This value is depending on the operating depth of the device [REDACTED]
	
	

	
	Center of buoyancy (m)
	[REDACTED]
	Absolute value measured from the mean water surface. This value is depending on the operating depth of the device [REDACTED]
	
	

	
	Draft
(static waterline) (m)
	[REDACTED]
	Absolute value measured from the mean water surface to the bottom side of the platform. This value is depending on the operating depth of the device [REDACTED]
	
	

	
	Moment of inertia
	Pitch (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	
	Roll (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	
	Yaw (kgm2)
	[REDACTED]
	See global coordinate system for orientation.
	
	

	
	Wetted surface area (m2)
	[REDACTED]
	Fully submerged platform body
	
	



*hoperating: The operating depth of the device is defined as an operating mode depending variable (also see Controls Section - XXX). COG, COB, and draft change linearly with changing operating depth. hoperating is always measured from the mean water surface to the top of the absorber body.
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[bookmark: _Ref468110950][bookmark: _Toc468112145]Table 4: CalWave 1:20 Prototype Table of Weights
	1:20 Scale WEC Mass Table

	Section
	Sub-Component
	Part Number
	Individual Weight in Air [kg]
	Quantity [pc]
	Component Weight [kg]

	Absorber
	Aluminum Frame
	NA
	[REDACTED]
	1 pc
	[REDACTED]

	
	Foam Units
	Urethane foam
	32 kg/m^3
	0.0342 m^3
	1.09

	
	Aluminum cover sheets, bolts & glue
	NA
	N/A
	N/A
	3.12

	PCC
	Damping Control Valve
	Danfoss Solenoid
	0.676
	4 pc
	2.71

	
	Damping Control Valve
	Danfoss 3/4" Valve
	0.8
	4 pc
	3.20

	
	Bimba Cylinder + Custom Parts
	Custom
	1.154
	4 pc
	4.62

	
	Check Valves Circuits
	Parker
	2.01
	4 pc
	8.04

	
	Load Cell
	Interface WMC250
	0.083
	4 pc
	0.33

	
	Displacement Sensor
	LM15 + Magnetic Strip
	0.211
	4 pc
	0.844

	
	Springs
	NA
	0.907
	4 pc
	2.36

	Mooring
	Mooring Motor
	JVL MAC141
	1.473
	2 pc
	2.95

	
	Mooring Gearbox
	HFOS
	1.15
	2 pc
	2.3

	
	Mooring Motor Counterweight
	Lead
	2.848
	2
	5.7

	
	Shaft + Collars
	17-4 Stainless Steel
	0.225
	2
	0.45

	
	Mooring Line
	WM122580
	0.5625
	4 pc
	2.25

	Plat-form
	Aluminum Body
	NA
	[REDACTED]
	1 pc
	[REDACTED]

	
	Brackets, Glue, Resin
	NA
	N/A
	N/A
	~2.5

	Total Weight [kg]
	[REDACTED]



[bookmark: _Toc468112146]Table 5: [REDACTED]
4.4 [bookmark: _Toc468112096]Froude Scaling
4.4.1 [bookmark: _Toc468112097]Froude Scaling Overview
Main physical dimensions of the 1/20th scale prototype will are scaled down according to Froude scaling laws. Table 6 provides an overview of the applied Froude scaling. Next to the theoretically scaled dimensions, the 1/20 prototype scale values are shown. More detailed information on the Froude scaling of each body is provided in section 4.4.2 and 4.4.3.
[bookmark: _Ref468110813][bookmark: _Toc468112147]Table 6: Froude Scaling Overview of both WEC bodies, Absorber and Platform where * indicates “agreed with WEP DA as a non-critical dimension”
	Absorber

	Quantity
	Scaling
	Scaling factor
	Full scale values
	1/20th values from Froude downscaling
	Measured 1/20th scale values
	Units
	Notes

	Length (x)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	

	Width (y)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	

	Height* (z)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	

	Weight*
	s^3
	1.25e-4
	[REDACTED]
	[REDACTED]
	[REDACTED]
	kg
	See Section 4.4.1

	Added mass
Heave
IWS 5;
Operating depth = 0.58 m
	s^3
	1.25e-4
	[REDACTED]
	[REDACTED]
	[REDACTED]
	kg
	For the given range of wave periods in IWS Cases 1-6

	Platform

	Quantity
	Scaling
	Scale Factor
	Full Scale Values
	1/20th Scale Values
	Measured 1/20th Scale Values
	Units
	Notes

	Length* (x)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	See Section 4.4.3

	Width (y)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	See Section 4.4.3

	Height (z)
	s
	0.05
	[REDACTED]
	[REDACTED]
	[REDACTED]
	m
	See Section 4.4.3

	Mass* 
	s^3
	1.25e-4
	[REDACTED]
	[REDACTED]
	[REDACTED]
	kg
	*



4.4.2 [bookmark: _Ref453151546][bookmark: _Toc468112098]Froude Scaling of the Absorber Body
[REDACTED]
The main principle dimensions of the absorber which are critical to correct wave-structure interaction are the absorber length and width. These dimensions are Froude scaled with a scaling factor of s = 20. The dimensions of the manufactured prototype match the downscaled dimensions as indicated in Table 6.
The 1:20 scale absorber height is a non-critical dimension in terms of wave-structure interaction in the main operating DOF: heave, surge, and pitch. The surge excitation of the absorber emerges from a tilted/pitched absorber and the thereby projected area in surge DOF during operation. Thus, deviations in the absorber height have a negligible influence. The deviation between the theoretically calculated absorber height and the actual physically measured value also emerges from the need of surplus positive buoyancy for the 1:20 scale tests. 
Air springs are anticipated to be used in the full scale device. Such air spring systems are commercially available, and a close to linear behavior of these systems (slightly stepwise) can be achieved. In the scaled prototype however, the restoring force in the PTO units is provided by mechanical tension springs. [REDACTED]
Froude scaling of the full scale absorber mass (1/s3) calls for a prototype mass [REDACTED]. However, the 1:20 prototype weighs [REDACTED] which is about 2.26 times greater than the Froude scaled weight (note that the [REDACTED] are only for the absorber body without any attached PTO units). This deviation emerges 1) from the above mentioned additional buoyancy needed in the 1:20 prototype and 2) from the expected structural requirements of the 1:20 scale prototype [REDACTED]. At the 1:20 scale, the smallest [REDACTED] wall thickness for this material is identified to be 1/16 inch, leading to a significantly higher material mass for the 1:20 prototype than in the representative full scale model. 
Although the actual absorber mass deviates from the Froude scaled mass, the deviation [REDACTED] is negligible when compared to the hydrodynamic added mass in the heave DOF. When assessing the force equilibrium for a wet oscillator as the absorber, forces due to acceleration are written as  (see e.g. Falcao et al. 2010, [Fal10]). Figure 8 shows results from BEM computations using NEMOH and ANSYS Aqwa ([NEM16], [ANS16]) for the 1:20 scale absorber in heave DOF. For the range of wave periods being tested during the WEP model tests (Tp ~ 1.6 – 3.7 seconds), the hydrodynamic added mass ranges from [REDACTED]. Compared to the actual physical mass of the absorber body, the hydrodynamic added mass is of factor [REDACTED]. Thus the added mass dominates the force on the body due to acceleration and it can be concluded that the mass deviation between Froude scaling and actual mass is negligible.

[bookmark: _Ref468110911][bookmark: _Toc468112161]Figure 8. [REDACTED]
The same reasoning applies when the pitch inertia tensor of the absorber is compared to the hydrodynamic added inertia. [REDACTED] Therefore, for the pitch DOF, Iyy is [REDACTED] smaller than the computed values of pitch added inertia, which ranges from [REDACTED] 
[bookmark: _Toc468112162]Figure 9. [REDACTED]

Similarly, the added inertia in the Roll DOF Ixx ranges from approximately [REDACTED] larger than the physical MOI in Roll DOF.
4.4.3 [bookmark: _Ref453151552][bookmark: _Toc468112099]Froude Scaling of the Reaction Platform and Power Conversion Chains
[bookmark: _Toc452645198][REDACTED] 
According to Froude scaling laws, the mass of a 1:1 PCC scales to in an infeasible prototype PCC mass of 2.5 kg. However, the 1:20 scale PCC, consisting of the parts listed in the detailed mass Table 4, sum up to a weight of 22.1 kg for all four PTO units and hydraulic circuits. This is 8.84 times larger than the Froude-downscaled value. Notably, the mass of the hydraulic cylinders in the 1:20 prototype is significantly higher than that of a 1:1 hydraulic PCC system ([REDACTED] cylinders + manifolds + hydraulic motor/generator couple). In fact, if the 1:20 model PCC system is upscaled using Froude scaling the full scale PCC would weigh 22.1 kg x 203 = 176.8 tons. This is obviously not the case for the anticipated full scale system. For the 1:20 prototype scale PCC, however, this solution was used to ensure similar operating properties of the PCC, which is more important in terms of conducting representative model tests than this additional weight.
The main hydrodynamic interaction between incident waves and the WEC occurs at the absorber. The 1:20 prototype height, from top of the absorber to the bottom of the platform, is not a critical dimension because the platform is significantly deeper and “sheltered” from the main (heave) excitation loads by the absorber. Thus, WEC height deviation from Froude scaling does not significantly influence the validity of the prototype test results. 
Using the mentioned PCC setup for the 1:20 scale model, the damping properties, stroke ranges, stroke velocities and PTO loads expected in the 1:20 prototype tests are within the range of feasible and expected full scale hydraulic PTO properties improving the test results in terms of being representative. 
4.4.4 [bookmark: _Toc468112100]Accounting for Viscous Effects in the 1:20 Model Tests
[bookmark: _Toc445995751][bookmark: _Toc445995881][bookmark: _Toc445996011][bookmark: _Toc445996143][bookmark: _Toc445999057][bookmark: _Toc446000879][bookmark: _Toc446001024][bookmark: _Toc446002667][bookmark: _Toc446002820][bookmark: _Toc446002966][bookmark: _Toc445995622]According to Chakrabarti [Cha02], the conservation of the Froude number for scaling does not ensure proper representation of the Reynolds number, which compares inertia to viscous effects. The importance of viscous force considerations in deriving WEC performance results from simulations, and methods for carefully selecting the mathematical formulation and coefficients (e.g. cd coefficient) to account for these effects, has been described by various authors such as Bhinder et al. [Bhi12], or Babarit et al. [Bab12]. As viscous forces are in present in full scale operations, these should be taken into account during computational simulations, and the influence of scaling on such viscous forces should be discussed before conducting scaled experimental tests:.
Chakrabarti [Cha02] describes that the viscous resistance coefficient stems from two main sources
1. Still water viscous damping
2. Eddy-making damping
Eddy-making damping is described by Chakrabarti [Cha02] as the dominant contribution from vortices shed as the flow separates at the structure’s corners and edges. The recommended practice guideline “DNV_RP-C205”/”Environmental Conditions and Environmental Loads” [DNV07], however, states that “[…] Viscous scaling effects are normally not significant when the body geometry is defined by surfaces connected by sharp edges, e.g. bilge keels, with radii of curvature (in the model) small relative to the viscous eddy formation. This generates a well-defined shedding. […]”. 
A similar conclusion can be found in a detailed study by Yanji et al. [Yan15] on viscous effects for scaled model tests of an oscillating wave surge converter indicate, that “[..] It is found that the diffraction/radiation effects dominate the device motion and that the viscous effects are negligible for wide flaps. [..]” [Yan15, p.185].

In a more detailed study, it is reported that “[..] slight differences in the flow around the flap are found by scaling the model, (but) the difference on the device performance is negligible for the OWSC with a 26m wide flap.” [Yan15, p. 200]. The authors conclude that the viscous scaling effects do not play an important role in normal wave conditions and Froude scaling is considered to be sufficiently representative for “scaling factors (can be) up to 100” [Yan15, p. 200].  
Although the study is focusing on a WEC in surge DOF, the hydrodynamic interacting absorber body is quite similar to the CalWave WEC absorber: a rectangular rigid plate oscillating under the influence of incident waves. Hence, it is concluded, that for CalWave’s 1:20 prototype tests, no additional geometry modification is needed to assess the WEC concept performance and characteristics.


5 [bookmark: _Toc468107463][bookmark: _Toc468107527][bookmark: _Toc468110258][bookmark: _Toc468110508][bookmark: _Toc468110578][bookmark: _Toc468111064][bookmark: _Toc468111170][bookmark: _Toc468112101][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: _Toc445999138][bookmark: _Toc468112102]Control Strategy
The control framework for CalWave’s 1:20 WEC device consists of three different fields, namely the PTO control, operating [REDACTED] control, as well as Absorber [REDACTED] control. Each control strategy can be applied independently from each other making it possible to control the WEC’s behavior in a broad range.
Details of the sensors, and control code/software used to realize the controls are provided in Appendix D.
5.1 [bookmark: _Toc468112103]PTO Control Strategy Scheme
Due to the mechanical setup and PTO mechanism in CalWave’s 1:20 WEC device, a passive PTO control for the main working DOFs, surge, heave, and pitch is device inherent. For each degree of freedom, damping and restoring force characteristics of the PTO are passively altered by the absorber body’s motion and the accompanied change of the PTO angle. In fact, the damping and restoring force characteristics in the different DOF change in a desired, nonlinear way [REDACTED], even when the overall PTO characteristics along the PTO axis are set to be stay constant.

Thus for robust, safe, and economic operation, PTO characteristics are kept constant throughout the wave cases. Therefore, no “predictors” or “short term wave prediction” algorithms are needed in the scaled tests. The controller used in the 1:20 scale tests, however, is capable to switch between two different operating modes:

1. PTO Damping Characteristics Tuning
This mode is used during the tuning period in the first 10 minute of each test. The 10 minute period is cut into periods of equal duration for testing of different PTO damping settings. In each period, the performance of the WEC is calculated in near real-time. After the last tuning case or at the end of the 10 minute period, the damping characteristics yielding the highest performance are chosen for the remaining 20 minute of the test, during which the actual performance of the device is assessed.

The following scheme summarizes an exemplary test case including the optional tuning procedure:

[image: ]
[bookmark: _Toc468112163]Figure 10. Exemplary timeline of one 30 minute model test. While during the first 10 minutes the PTO is tuned in terms of WEC performance (Mode 1), during the remaining 20 minutes the only corrections made are to hold the optimal value constant.


2. Internal PTO Damping Corrections via Feedback Loop
The aim of the second mode of the controller is to ensure that the actual physical damping characteristics in the PTO units match the optimal PTO damping setting. The optimal PTO damping settings are found either by the procedure described in controller mode 1 or by PTO optimization conducted before the start of physical model testing at MASK. By using the force and position signal of each of the PTOs, the damping is calculated for a user-defined time window. Note that for this time window damping is not being calculated by  , but a least-squares linear fit is performed to find the physical damping characteristics. Physical damping is taken as the slope of this least-squares fit line. Based on the results of the actual PTO damping characteristics, the controller decides either to incrementally open or close the hydraulic valves in each PTO circuit. This procedure accounts for differences due to manufacturing or setup for each individual PTO. Moreover, this routine also accounts for any PTO malfunction influencing the damping characteristics, although this is not expected.

The schematics in Figure 11 summarize the simple feedback loop:

[image: ]
[bookmark: _Ref468107177][bookmark: _Toc468112164]Figure 11.  Feedback loop to ensure constant damping behavior of each of the PTO units. (Mode 2)

All adaptive control will be actuated remotely; no physical interaction with the prototype is planned for the duration of testing.


5.2 [bookmark: _Toc468112104][REDACTED]
5.3 [bookmark: _Toc468112105][REDACTED] 


6 [bookmark: _Toc468110263][bookmark: _Toc468110513][bookmark: _Toc468110583][bookmark: _Toc468111069][bookmark: _Toc468111175][bookmark: _Toc468112106][bookmark: _Toc446001112][bookmark: _Toc446002755][bookmark: _Toc446002908][bookmark: _Toc446003054][bookmark: _Toc445999145][bookmark: _Toc446000968][bookmark: _Toc446001113][bookmark: _Toc446002756][bookmark: _Toc446002909][bookmark: _Toc446003055][bookmark: _Toc446000967][bookmark: _Toc468112107]Test Matrix and Schedule
6.1 [bookmark: _Toc468112108]Test Matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK are shown in Table 7: .  Carderock will perform wave environment calibration in Summer 2016. The result of this calibration is shown in Appendix E.
[bookmark: _Ref441046446][bookmark: _Toc468112148]Table 7: Test waves
	 
	Tp
	Te
	Hs
	gamma
	Dir/Heading
	Spreading
	Omni Power 
	Wavelength Te (6.1m depth)
	Steepness-1 (Te&Hs)
	spectral width

	
	
	
	
	
	
	cos2s, s value
	
	
	
	

	 
	[sec]
	[sec]
	[m]
	--
	[deg]
	 
	[W/m]
	[m]
	[H/λ]
	 

	IWS - JONSWAP, gamma = 1 (i.e. Bretscheider)

	IWS Wave 1
	1.63
	1.4
	0.12
	1
	10
	∞
	0.468
	3.058
	26
	0.28

	IWS Wave 2
	2.2
	1.89
	0.13
	1
	0
	∞
	0.809
	5.572
	42
	0.28

	IWS Wave 3
	2.58
	2.21
	0.27
	1
	-70
	∞
	3.944
	7.602
	28
	0.28

	IWS Wave 4
	2.84
	2.44
	0.1
	1
	-10
	∞
	0.645
	9.25
	90
	0.28

	IWS Wave 5
	3.41
	2.92
	0.29
	1
	0
	∞
	6.527
	13.21
	45
	0.28

	IWS Wave 6
	3.69
	3.16
	0.16
	1
	0
	∞
	2.231
	15.39
	95
	0.28

	LIWS - JONSWAP, gamma = 3 (storm waves are more peaked)

	LIWS Wave 1
	3.11
	2.81
	0.4
	3.3
	-30
	3
	11.308
	12.186
	31
	0.231

	LIWS Wave 2
	2.5
	2.26
	0.46
	3.3
	-70
	7
	11.92
	7.983
	17
	0.231

	RWS - 4-parameter JONSWAP (Mackay), with gamma=2)

	RWS Wave 1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	3.22
	2.84
	0.08
	2
	-70
	7
	0
	12.479
	164
	0.254

	 
	1.61
	1.42
	0.11
	2
	0
	10
	0
	3.154
	29
	0.253

	RWS Wave 2
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	3.32
	2.93
	0.08
	2
	-70
	7
	0
	13.223
	167
	0.254

	 
	1.93
	1.71
	0.07
	2
	-10
	10
	0
	4.563
	70
	0.253


6.2 [bookmark: _Toc468112109]Test Schedule
The standard test schedule for the testing week is shown in Table 8:. This schedule will be customized for each team as appropriate, and to include spot check for sensors.
[bookmark: _Ref445998187][bookmark: _Toc468112149]Table 8: Testing schedule
	Date/Time
	Event

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

	Tuesday
	Continued installation and work-in

	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
	Contestants set up for testing and perform pre-test checks

	7:45
	Safety Brief

	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
	Contestants set up for testing and perform pre-test checks

	7:45
	Safety Brief

	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 2

	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
	Support setup, pretesting checks and daily briefing (DA report on previous days runs)

	7:45
	Safety Brief

	8:00
	Backup Run 3/ Contestant Testing
	TBD

	9:00
	Backup Run 4/ Contestant Testing
	TBD

	10:00
	Backup Run 5/ Contestant Testing
	TBD

	11:00
	Backup Run 6/ Contestant Testing
	TBD

	12:00
	Lunch

	1:00
	Contestants pack up for shipping



Post Test Notes for Section 6.2
The test schedule was modified. Please see the test results spreadsheet for a list of waves that were run and the order for which they were run.


7 [bookmark: _Toc468112110]Experimental Set Up and Methods
7.1 [bookmark: _Toc468112111]Mooring
7.1.1 [bookmark: _Toc468112112][bookmark: _Toc468112113]General Mooring Setup & Schematics
CalWave is using a taut mooring setup, with four mooring lines in total.  The mooring lines are connected to the platform at distinctive fairlead/connection points. [REDACTED] The exact anchor positions are given in section 7.1.2.
[bookmark: _Toc468112165]Figure 12. [REDACTED]
[bookmark: _Toc468112166]Figure 13. [REDACTED]
Anchor Locations for 1:20 Model Tests 
[bookmark: _Toc468112167]Figure 14. [REDACTED]

7.1.2 [bookmark: _Toc468112114]1:20 Scale Mooring Properties
Below is a summary of the mooring properties, shown with the equivalent full scale values. Mooring line stiffness for the 1:20 scale prototype were derived using Froude Scaling. Mooring angles in the xOy as well as in the xOz, respectively yOz plane are Froude scaled with 1. Any anchor locations on the ground as well as on the absorber are correctly Froude scaled with s while mooring line properties are also scaled with the related Froude scaling factor (see table below):
[bookmark: _Toc468112150]Table 9: Mooring Setup & Properties [REDACTED]
Two separate lines are used to independently represent the full-scale axial stiffness [REDACTED].  For the representative stiffness line, a three-braid polyester rope was selected and cut to an appropriate length to match the 1:20 scale stiffness. This stiffness value was experimentally validated by CalWave, after eye splicing the ends.
7.1.3 [bookmark: _Toc468112115]1:20 Scale Expected Mooring Forces
The maximum mooring forces for the polychromatic (JONSWAP) wave cases 2, 5, and 6 (incident wave direction 0 Deg) were estimatedusing a fully dynamic mooring simulation (MoorDyn v.1.00.02F – Nov. 24. 2015) coupled with dynamic WECSim simulations. Hydrodynamic coefficients were derived using NEMOH, and double-checked with results obtained from ANSYS AQWA 17.0 simulation.
Experimental testing confirmed that maximum mooring forces occur in the “upwards” case of the wave. This means that buoyancy forces from the absorber and platform, as well as upwards excitation forces (Fext,heave), act on the mooring lines. Moreover, maximum mooring line forces in this case occur, during PTO failure, in which no PTO can dampen the excitation of the absorber and all forces are directly transferred into the float body, respectively the mooring lines. Thus, for simulations fully rigid PTO units (Damping properties of each PTOi= Inf.) were used. Due to representative mass/weight per simulated mooring segment, maximum mooring tension forces occur at the very last segment before the connection point at the float body:

A: 0 Degree incident wave direction cases (symmetry in each, upstream & downstream mooring)
[bookmark: _Toc468112151]Table 10: [REDACTED] 
B: Non 0 Degree incident wave direction cases (no symmetry in any Mooring Line)
[bookmark: _Toc468112152]Table 11: [REDACTED]
Experimental tests were carried out before official testing at the Carderock MASK Basin. During these tests, the exact same IWS/LIWS wave cases were tested. Mooring line tension was measured using submersible load cells during full operation in all these cases, as well as, for cases with variable water depths and PTO settings. The following table shows the mean as well as the peak mooring line tensions which occurred during all of these tests. 

C: Mean and Peak mooring forces from experimental tests.
[bookmark: _Toc468112153]Table 12: [REDACTED]
[REDACTED]


Post Test Notes for Section 7.1
During testing, the mooring load cell was unthreaded at one point, but was fixed.

7.2 [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: _Toc446000974][bookmark: _Toc468112116]Instrumentation
Carderock, with input from team and DA, provides a high level description of the data acquisition system, a schematic of data flow, and drawings of the sensor locations.
This section should cover sensors provided by Carderock and Team, as described in Appendix F in [Wep15].
The Team Instrumentation is WEC specific, and can include: 
· Load sensors (force, torque, pressure, etc.), for measuring the dynamic side of absorbed power
· Velocity sensors (velocity, angular velocity, flow, etc.), for measuring the kinematic side of absorbed power
· Sensors required to determine degrees of freedom motion per body that is not tracked with an optical motion tracking system
· Instrumentation to determine impact events, such as an approved high-g three-axis accelerometer on each body
PTO dynamic sensor: Interface WMC-250 lb miniature submersible load cells
An Interface WMC 1100N (250 lb) submersible load cell will be connected to the top of each PTO, near the absorber, as shown in the following figure.  We expect maximum loads in the range of ± 600 N occasionally during larger testing climates, based on measurements obtained during pretesting at the H2 facility, University of Maine.   
[image: ]
[bookmark: _Toc468112168]Figure 15. CAD Drawing of the universal joints used to mount the top end of the hydraulic PTO units to the Prototype.

A spherical rod end bearing (Igubal KBRI-08) universal joint is used on both ends of the PTO.  This rod end bearing allows for ±90° of rotation around the primary axis and ±26° around the secondary axis, as illustrated in Figure 16. This gives the absorber enough freedom to move without inducing side loads/moments on the load cell. Moreover, experimental tests showed that even in the large angled cases such as IWS3 with a 70 degree incident wave angle, the spherical rod end bearings have enough freedom to keep from impacting the clevis bracket. 
[image: ]
[bookmark: _Ref468111029][bookmark: _Toc468112169]Figure 16. CAD drawing showing the maximum possible rotation of ±26° about the secondary axis of the spherical rod end bearing and PTO clevis joint.
Load cell extension spot check steps:
1. Disconnect the PTO from the absorber and platform by removing the spherical bearing pins on both ends.
1. Carefully extend the cylinder shaft to maximum stroke. 
1. Connect PTO rod side spherical bearing (above load cell) to the extension spot check stand, shown in Figure 17, and record load cell measurement using the data acquisition system.  It should measure 11.8 N (~1 kg).  
1. Hang the test weights from the bottom of the spherical bearing and record new measurements.  Three test weights, ranging between 45 and 135 lbs will be used for spot check, as specified in Appendix G. 
1. Compare the known weight of the test weight plus the PTO weight with the load cell reading.  
1. Replace PTO on device and repeat with other PTOs. 
Load cell compression spot check steps:
1. Disconnect load cell from PTO.
1. Install load cell on compression spot check stand, shown in Figure 17.  It should measure near 0 N.  Rest the upper table portion of the test stand on the load cell and record weight.  This will need to be subtracted from measurements made with test weights.
1. Place the test weights on top of the test stand.  Three test weights, ranging between 45 and 135 lbs will be used for the spot check, as specified in Appendix G.  The linear bearings on the test stand prevent the weights from applying large moments to the load cell.
1. Compare the known weight of the test weight plus the test stand table weight with the load cell reading.  
1. Replace load cell on PTO and repeat with other load cells. 
CalWave will provide the load frame, shown in Figure 17, for the spot check at Carderock. 
[image: ] 
[bookmark: _Ref455580378][bookmark: _Toc468112170]Figure 17. Additional PTO Mounting frames for PTO spot-checks in both extension and compression. 

PTO kinematic sensor: RLS LM15 linear magnetic encoders
A Renishaw 30cm linear magnetic encoder is attached to the hydraulic cylinder PTO as shown in Figure 18.  The encoder has a resolution of 1.25 mm/pulse, which with X4 encoding can be resolved to 0.3125 mm increments.  The PTO is limited in stroke to 25 cm, and a maximum displacement from mid-stroke in the range of ± 11 cm occasionally during larger testing climates is expected, based on measurements obtained during testing at the W2 wave tank facility, University of Maine. The readhead is coupled to the cylinder rod while the magnetic encoder tape is rigidly attached to the cylinder body.  A simple rail positioning system orients the readhead with respect to the tape with sufficient precision throughout the full PTO stroke.
[image: ]
[bookmark: _Toc468112171]Figure 18. Full PTO unit with mounted linear encoder readhead. The readhead is guided by a rail positioning system to ensure the required operating distance to the magnetic linear encoder tape is maintained.
Linear encoder spot check steps:
1. Disconnect the PTO from the absorber and platform by removing the spherical bearing pin.
1. Move PTO cylinder shaft position to minimum stroke and confirm position of -12.5 cm using data acquisition system.  
1. As the cylinder shaft is moved, the encoder readhead will move along with it.  Move PTO cylinder shaft to various positions along its stroke, as specified in Appendix G, up to the maximum stroke with a corresponding position of 12.5 cm.  See Figure 19 for an illustration of the linear encoder spot check method.  
1. When spot check is complete, reconnect PTO to device and repeat process with next PTO.
[image: ]
[bookmark: _Toc468112172]Figure 19. CAD model of PTO units at minimum (left) and maximum (right) stroke..
End stop detection will be measured using a combination of displacement measurement and load cell measurement.  End stop events will be indicated in the displacement as a sudden drop to zero velocity near 12.5 cm or -12.5 cm position.  End stop events in the load cell will be indicated as a sudden sharp increase in the time derivative of force, and a sudden sharp decrease in the time derivative of velocity.  To be classified as an end stop event, both conditions must be met to avoid misclassifications in situations where we get force impulses from water interactions/sudden damping changes or near end stop displacements. See image below for example an end stop event from 1:50 scale tests.
[image: C:\Users\Nigel\AppData\Local\Microsoft\Windows\INetCache\Content.Word\EndStops1.jpg]
[bookmark: _Toc468112173]Figure 20. Time resolved raw force (top) and position (bottom) plot indicating an endstop event.

Post Test Notes for Section 7.2
During testing, two of the PTO load cells failed. The failed load cells were replaced using the spare load cells, identical with the original load cells. The spare load cells were spot-checked at MASK prior to testing.
After load cell replacements the PTO springs and buoyancy foams were changed to ones that allow the device to operate in a more conservative mode (lower PTO load).  The hatch in the middle of the absorber was also removed during several test cases to lessen the load on the PTO.  Please see the test results spreadsheet for more details.
7.3 [bookmark: _Toc446001124][bookmark: _Toc446002766][bookmark: _Toc446002919][bookmark: _Toc446003065][bookmark: _Toc446000980][bookmark: _Toc446001125][bookmark: _Toc446002767][bookmark: _Toc446002920][bookmark: _Toc446003066][bookmark: _Toc446000979][bookmark: _Toc468110273][bookmark: _Toc468110523][bookmark: _Toc468110593][bookmark: _Toc468111079][bookmark: _Toc468111185][bookmark: _Toc468112117][bookmark: _Toc468110274][bookmark: _Toc468110524][bookmark: _Toc468110594][bookmark: _Toc468111080][bookmark: _Toc468111186][bookmark: _Toc468112118][bookmark: _Toc468110275][bookmark: _Toc468110525][bookmark: _Toc468110595][bookmark: _Toc468111081][bookmark: _Toc468111187][bookmark: _Toc468112119][bookmark: _Toc468110276][bookmark: _Toc468110526][bookmark: _Toc468110596][bookmark: _Toc468111082][bookmark: _Toc468111188][bookmark: _Toc468112120][bookmark: _Toc468110277][bookmark: _Toc468110527][bookmark: _Toc468110597][bookmark: _Toc468111083][bookmark: _Toc468111189][bookmark: _Toc468112121][bookmark: _Toc468112122]Deployment
Deployment will be in two stages. First, the lower body (platform) would be deployed by crane, floated to the mooring location beneath the instrumentation carriage, and connected to the mooring anchors.  Once in place, moorings will be brought into tension and the platform left at the surface. 
In this static position, the upper body (absorber) would hand-lowered from the carriage to mate with the upper hinges of the PTOs.  CalWave and NSWCCD personnel would be able to easily work from a small boat to place the 4 pins which will couple the PTOs to the absorber.  After this, the entire WEC can be lowered to its operating depth for tests to begin.
 [REDACTED] 

8 [bookmark: _Toc468110279][bookmark: _Toc468110529][bookmark: _Toc468110599][bookmark: _Toc468111085][bookmark: _Toc468111191][bookmark: _Toc468112123][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][bookmark: _Toc446000982][bookmark: _Toc468112124]Data Processing and Analysis
8.1 [bookmark: _Toc468112125]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.
8.2 [bookmark: _Toc468110282][bookmark: _Toc468110532][bookmark: _Toc468110602][bookmark: _Toc468111088][bookmark: _Toc468111194][bookmark: _Toc468112126][bookmark: _Toc468112127]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 Figure 21 and the calculated values for the data analysis are provided in Appendix J. 
Post Test Analysis




Wave Sensors
Motion Tracking System
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WEC PTO Sensors
Carderock DAS



Write to optical Disc
Signal Conditioning
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Data Formatting
DAS Real Time Data Display
Test-by-Test Data Analysis
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Test Report
Contestant Controller
Processing and analysis
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[bookmark: _Ref450208127][bookmark: _Toc468112174]Figure 21. 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 
8.2.1 [bookmark: _Toc468112128]“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.
8.2.2 [bookmark: _Toc468112129]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. 
	
	
	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






9 [bookmark: _Toc446001129][bookmark: _Toc446002771][bookmark: _Toc446002924][bookmark: _Toc446003070][bookmark: _Toc445973024][bookmark: _Toc445973187][bookmark: _Toc445995715][bookmark: _Toc445995844][bookmark: _Toc445995974][bookmark: _Toc445996104][bookmark: _Toc445996236][bookmark: _Toc445999156][bookmark: _Toc446000985][bookmark: _Toc446001130][bookmark: _Toc446002772][bookmark: _Toc446002925][bookmark: _Toc446003071][bookmark: _Toc445973025][bookmark: _Toc445973188][bookmark: _Toc445995716][bookmark: _Toc445995845][bookmark: _Toc445995975][bookmark: _Toc445996105][bookmark: _Toc445996237][bookmark: _Toc445999157][bookmark: _Toc446000986][bookmark: _Toc446001131][bookmark: _Toc446002773][bookmark: _Toc446002926][bookmark: _Toc446003072][bookmark: _Toc445973026][bookmark: _Toc445973189][bookmark: _Toc445995717][bookmark: _Toc445995846][bookmark: _Toc445995976][bookmark: _Toc445996106][bookmark: _Toc445996238][bookmark: _Toc445999158][bookmark: _Toc446000987][bookmark: _Toc446001132][bookmark: _Toc446002774][bookmark: _Toc446002927][bookmark: _Toc446003073][bookmark: _Toc445973027][bookmark: _Toc445973190][bookmark: _Toc445995718][bookmark: _Toc445995847][bookmark: _Toc445995977][bookmark: _Toc445996107][bookmark: _Toc445996239][bookmark: _Toc445999159][bookmark: _Toc446000988][bookmark: _Toc446001133][bookmark: _Toc446002775][bookmark: _Toc446002928][bookmark: _Toc446003074][bookmark: _Toc445973028][bookmark: _Toc445973191][bookmark: _Toc445995719][bookmark: _Toc445995848][bookmark: _Toc445995978][bookmark: _Toc445996108][bookmark: _Toc445996240][bookmark: _Toc445999160][bookmark: _Toc446000989][bookmark: _Toc446001134][bookmark: _Toc446002776][bookmark: _Toc446002929][bookmark: _Toc446003075][bookmark: _Toc445973029][bookmark: _Toc445973192][bookmark: _Toc445995720][bookmark: _Toc445995849][bookmark: _Toc445995979][bookmark: _Toc445996109][bookmark: _Toc445996241][bookmark: _Toc445999161][bookmark: _Toc446000990][bookmark: _Toc446001135][bookmark: _Toc446002777][bookmark: _Toc446002930][bookmark: _Toc446003076][bookmark: _Toc445973030][bookmark: _Toc445973193][bookmark: _Toc445995721][bookmark: _Toc445995850][bookmark: _Toc445995980][bookmark: _Toc445996110][bookmark: _Toc445996242][bookmark: _Toc445999162][bookmark: _Toc446000991][bookmark: _Toc446001136][bookmark: _Toc446002778][bookmark: _Toc446002931][bookmark: _Toc446003077][bookmark: _Toc445973031][bookmark: _Toc445973194][bookmark: _Toc445995722][bookmark: _Toc445995851][bookmark: _Toc445995981][bookmark: _Toc445996111][bookmark: _Toc445996243][bookmark: _Toc445999163][bookmark: _Toc446000992][bookmark: _Toc446001137][bookmark: _Toc446002779][bookmark: _Toc446002932][bookmark: _Toc446003078][bookmark: _Toc445973032][bookmark: _Toc445973195][bookmark: _Toc445995723][bookmark: _Toc445995852][bookmark: _Toc445995982][bookmark: _Toc445996112][bookmark: _Toc445996244][bookmark: _Toc445999164][bookmark: _Toc446000993][bookmark: _Toc446001138][bookmark: _Toc446002780][bookmark: _Toc446002933][bookmark: _Toc446003079][bookmark: _Toc445973033][bookmark: _Toc445973196][bookmark: _Toc445995724][bookmark: _Toc445995853][bookmark: _Toc445995983][bookmark: _Toc445996113][bookmark: _Toc445996245][bookmark: _Toc445999165][bookmark: _Toc446000994][bookmark: _Toc446001139][bookmark: _Toc446002781][bookmark: _Toc446002934][bookmark: _Toc446003080][bookmark: _Toc445973034][bookmark: _Toc445973197][bookmark: _Toc445995725][bookmark: _Toc445995854][bookmark: _Toc445995984][bookmark: _Toc445996114][bookmark: _Toc445996246][bookmark: _Toc445999166][bookmark: _Toc446000995][bookmark: _Toc446001140][bookmark: _Toc446002782][bookmark: _Toc446002935][bookmark: _Toc446003081][bookmark: _Toc446000984][bookmark: _Toc468112130]Data Management
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 Bluray. Each disc will be labeled with the data, the team name and the included runs. Separate discs will be used for each team.
Data will be transferred to the DA computer and stored in separate directories for each team. As data are processed, the processed data, along with the processing algorithms will be stored on the DA computers. The “raw” data files SHALL not be altered by the DAs – if modifications are needed, a new file shall be created to do this, thus, preserving the original “raw” data file.
At lunch and at the end of each day, all data will be backed up to two separate hard drives and to the spare DA computer. One drive will remain at Carderock and the other will be stored at a separate location during evenings and weekends.
When DAs are using computers other than the DA computers, all analysis and algorithms will be backed up to two different jump drives at least once a day. Once analysis is complete, the DA will send one drive to the lead DA who will archive the raw and processed data on NREL’s secure data server. 
The teams will not be provided with any data from Carderock or the DAs – the PAT will facilitate data transfer to the teams.
The discs, DA computer, the redundant back-up drives, and storage on NREL’s secure server provide a high level of storage redundancy
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[bookmark: _Ref445998114][bookmark: _Toc468112133]Appendix A: Device electrical and mechanical drawings 
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INSTRUMENTATION AND CONTROLS LAY-OUT

[bookmark: _Ref445998133][bookmark: _Toc468112134]Appendix B: PTO calibration results
PTO characterization was performed in two different ways.  First, a single PTO was isolated and actuated using an Ultramotion D2 series linear actuator, similar to the characterization performed at 1:50 scale.  The actuator is capable of suppling up to 2000 N of force, well above the expected peak PTO load.  After integrating both calibrated linear Renishaw encoders and Interface load cells into the PTO, the D2 series linear actuator was used to excite the PTO in a sinusoidal motion at a period of T=3 seconds and an amplitude of A=3 cm.  This resulted in velocities of up to ±6 cm/s and forces up to ±250 N.  These tests were then performed over a range of valve voltage settings to characterize PTO damping behavior.  The Danfoss proportional solenoid valve used to adjust PTO damping is controlled using a 0-10V analog signal. Thus, characterized PTO settings were plotted against control voltages in this specific range. The basic setup of the PTO characterization experiments can be found in Figure 22 below, which includes key PTO components. During operation, the entire PTO cylinder/valve system is submerged in a large plastic bin.
[image: ]
[bookmark: _Ref468110013][bookmark: _Toc468112175]Figure 22. PTO characterization test stamd including the linear actuator for excitation of the hydraulic PTO. The PTO is controlled using a proportional solenoid valve attached to the hydraulic valve assembly. During characterization, all PTO components were submerged.
To determine the effective damping provided by the PTO, measured force was plotted against velocity and a linear fit was performed.  The slope of the fit is the effective damping value, cd. An example fit is shown in Figure 25 for a valve voltage setting of 3.063 V.  Although the damping curve exhibits some hysteresis, the characteristic is still roughly linear.  Fits over a wide range of voltage settings were combined to approximate the relationship between valve voltage setting and effective damping as shown in Figure 24 below. A power fit was found to best approximate this relationship.  The area between 0.2-1.5V shows some variability and thus a second set of characterization experiments were performed in-situ with the PTO installed on the device to improve the accuracy of measurements taken in these ranges.
[image: ]
[bookmark: _Toc468112176]Figure 23. Example damping characteristics of one hydraulic PTO using a solenoid valve setting of 3.063 V.

[image: ]
[bookmark: _Ref468110112][bookmark: _Toc468112177]Figure 24. Relationship between valve voltage setting and effective PTO damping found in isolated PTO characterization experiments.
In the second set of PTO characterization experiments, monochromatic waves with a period of 2 s and wave height of 5 cm were used to excite the complete 1:20 scale model and thus the hydraulic PTOs.  This produced forces in the PTOs of up to ±400 N at high damping settings and velocities of up to ±0.25 m/s at low damping settings.  Similar to the isolated experiments, a linear fit was performed between measured force and velocity to determine effective damping.  Figure 25 summarizes the characterized relationship between voltage setting and effective damping for each individual PTO.     
[image: ]
[bookmark: _Ref468110062][bookmark: _Toc468112178]Figure 25. Relationship between valve voltage setting and effective PTO damping found in in-situ PTO characterization experiments.
The in-situ characterization results show that although each power fit is similar, there are still significant differences between the different PTOs.  The reason for these differences is unknown but could be attributed to slight differences in assembly.   Furthermore, it appears that the front and back PTOs (1 and 2 vs. 3 and 4) have different damping behaviors.  This could be a coincidence with the arrangement of PTOs or it could suggest a wave direction dependency in the PTOs.  Due to the variations in characterization between PTOs we decided to actively measure damping in our controls code so that we can robustly compensate for any unexpected differences with prior characterizations. 

[bookmark: _Ref445998143][bookmark: _Toc468112135]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):
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[bookmark: _Ref446001928][bookmark: _Toc468112138]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA [REDACTED]


[bookmark: _Ref446001944][bookmark: _Toc468112139]Appendix G: Team provided sensors – specifications and Independent calibrations
Load Cells – 4 x Interface WMC-250 lb miniature submersible load cells.
[image: ]
[image: ]
[image: NIST Calibration Sheet Loadcell 499669]

Linear Displacement Sensor: 4x RLS LM15 Linear Magnetic Encoder.  Below is the manufacturer’s specification sheet; CalWave will be using part number LM15IC04BHA50F19.
[image: ]
[image: ]
Linear Displacement Encoder Calibration: The RLS LM15 encoders will be independently calibrated by RS Calibration Services of Pleasanton, CA,  a N.I.S.T. certified third-party calibration provider.  This calibration is schedule for the week of July 5th, and certifications will be included in here when available. 
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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
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Risk Name - CalWave 1/20 Build Project Response Impact on testing

PTO instrumentation failure (Force and/or velocity sensor) 1. assesment, 2. replacement delay 1-2h

PTO mechanical failure (valve, guide or joint) 1. assesment, 2. replacement delay 1-2h

Mooring winch failure  1. assesment, 2. replacement delay 1h

Laptop failure reboot delay 30 min

Mooring lication failure 1. winch adjustment, 2. relocation delay 30 min, delay 2 ?

Mechanical connection failure 1. repair, 2. replacement delay 1h

Failure motion tracking 1. repeat test delay 30 min

Mishandling during installation back up components delay 1-2h

Unexpected absence of manpower - sever

Unexpected failure/decay of instrumentation quality and accuracy over time 1. assesment, 2. replacement delay 1-2h

Unexpected failure/decay of component performance 1. assesment, 2. replacement delay 1-2h

Platform bouancy contain leakage 1. assesment, 2. replacement delay 1-2h

Instrumentation housing leakage 1. assesment, 2. replacement delay 1-2h

Failure of PTO control 1. repeat test delay 1h
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