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Summary Report

Project Goals, Objectives, and Accomplishments
The goal of this project was to explore the possibilities of an independent wave-energy harvesting system through analysis, prototype design and build, and subsequent demonstration through field testing.   The main objectives were proposed as three stages.  Stage One included the development of a numerical model dedicated to analyzing the wave-energy converter problem at the power levels envisioned for the device to be prototyped (300 Watts) and the subsequent application of that model to determine performance predictions for a concept design.  Stage Two included the design and build of a prototype system suitable for deployments that would last up to a few days. These deployments were intended to validate the performance predictions of the design and address high-risk elements through testing.  Stage Three included the design and build of a demonstration platform that could remain at sea for 2-4 months, demonstrating the viability of the concept.  During the period of the project, two additional tasks were added: one to explore the technical challenges involved with docking an Autonomous Underwater Vehicle (AUV) to the power-generating buoy, and a second task to explore advanced control schemes that could increase the power capture possible for a device of a given size.

Work was done on all of these tasks and the result of this project is a validated numerical model suitable for use in studying wave-energy converters, and a prototype wave-energy converter system that is capable of capturing on average about 300 watts of electrical power from the ocean.  The system built can convert a percentage of this power to charge batteries, and has been deployed eight times in Monterey Bay for periods ranging between one day and one month.  These deployments have generated a wealth of data and experience with regard to designing and building systems of this type.  Numerical analysis has demonstrated this system can keep station without being anchored if the submerged plate is replaced by a flapping foil. This would be an adaptation of the concept pioneered by Liquid Robotics to this larger device.  The forces and motions predicted by the model for such a flapping foil system are within what can be built using common materials, but a prototype of this was not built or tested as part of this project.  The Autonomous Underwater Vehicle (AUV) docking component of the project was performed to address the high-risk technical elements of docking an AUV to the wave energy buoy for recharging at-sea.  Finally, advanced control techniques have been explored to increase the energy captured by the system, but the techniques explored did not prove to be effective.  This result is in contrast to what was expected from similar results in the literature for larger systems. A paper is currently in preparation to highlight this scale sensitivity we found when applying a latching-type control scheme to small wave-energy converters.

Stage One
The goals of Stage One were met by developing a numerical model programmed in Matlab that performs a time-domain simulation of the motions of particular wave-energy converter designs that are characterized by the system’s size, shape, configuration, and power take-off characteristics.  The inputs to the model are the sea conditions to be analyzed, system configurations described by the size and shape of all the elements of the system, along with a mathematical description of how these bodies interact through power take-off devices or other connections.  The model has proven to be very useful as a design tool for the wave-energy conversion device developed in this project; but before being used for design, a series of validation tests were performed to assure the model was producing usable results.  This was important because the wave-body interaction analysis techniques used by the model are well validated for larger structures but will lose effectiveness at small scales.  A two-body system consisting of a buoy and submerged plate connected by a spring/damper system was built for the validation tests.  This system was instrumented to measure the force and elongation of the spring/damper element as a function of time.  Two tests were performed, one in the lab and one at sea.

In the MBARI test tank (10m by 10m by 10m deep), a step-response test was performed in which the system was perturbed by lifting the buoy out of the water and then releasing it to fall and oscillate until all the initial energy was dissipated.  This test indicated good agreement between the measured results and the model’s predictions. Due to the finite size of the test tank, the results were very good early in the test. However, since waves reflecting off the tank wall were not accounted for in the numerical model, the results diverge as time goes by.  

A second validation of the numerical model was performed at sea. For this test, the same instrumented two-body test platform was deployed at sea for two four-hour periods on subsequent days.  During this time the waves incident on the test platform were measured by a wave-rider buoy alongside the test and the force and motion response of the platform was measured.  After the test the measured sea spectrum was used as an input to the numerical model and the measured system response was compared with the model’s predictions.  This comparison was made statistically and the model predicted the behaviors to within about 10%, with better agreement being evident on the day with lower frequency waves, as expected.  Figure 1 shows a comparison between the measured forces and piston elongation during the step-response test and Figure 2 shows the results of the August 9, 2009 at-sea validation tests.
The validated model proved to be quite useful throughout the project and contributed to several aspects of the effort.  The prototype concept development relied heavily on the model predictions and a parametric study of the two-body wave-energy converter device was performed to evaluate the trade-offs between buoy size, submerged plate size, sea-state, and power generation.  Figure 3 summarizes this result.  Beyond selecting the type and size of the wave-energy converter to be prototyped, the numerical model also contributed to the detailed engineering of the system.  The model was very useful in the design of the power take-off system, allowing the peak efficiency of the power take-off system to be matched to the operating point (speed versus force) of the wave-energy converter.  After each of the eight tests of the prototype wave-energy converter at sea, the model was re-validated and tuned by comparing the systems measured power production to that predicted by the model. The result of these efforts is an understanding of the sensitivities of the model and an ability to confidently predict the prototype system’s power output in nearly any sea-state.  This ability coupled with an estimate of the climatology of a given site allows the power production of the system to be accurately predicted and the batteries on the system to be sized to minimize the chance of a low-power situation due to calm conditions.
The numerical model has been made available to the community under a BSD open-source license (http://sourceforge.net/projects/tdxxx/files/?source=navbar).  The code has been downloaded more than 50 times and we know of three specific users of the code who have called or e-mailed with questions about how to use the code most effectively.
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Figure 1 Experimental measurements and model generated values of tether tension and elongation during the step response test.  The force is measured between the floating buoy and the spring/damper system, the oscillations in force at the end of the test are due to wave reflections from the tank walls causing the buoy to oscillate in pitch and roll motions.
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Figure 2  Time history and corresponding spectra of wave elevation, measured and modeled tether tension and elongation for the at-sea validation test on August 10, 2009.  The modeled and measured time-history results are not expected to line up in phase because the modeled results are driven by a collection of wave components with random phase.  The spectra’s on the right are a statistical result and are a better comparison.  Because this test system had a very small submerged element it did not respond strongly to the dominant wave period but instead was excited by the higher frequency waves. 
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Figure 3  Example of parametric study results relating the power to be expected from a two-body point absorber in a given sea-state to the size of the system.  The three colors illustrate three different buoy sizes and in each case the submerged plate size is twice the size of the buoy water-plane area.  The percentages marked indicate the percentage of the theoretically available wave power that is being absorbed by the device.  The 2.5m diameter buoy has a water-plane area of 5 m2 and is the size of the device built as a prototype in this project.  The power levels shown here do not include the effects of inefficiency inevitable in the power take-off and conversion device, but do accurately represent wave-energy absorbed by the prototype device.
Stage Two
The goal of Stage Two was to use the combination of the numerical modeling tool and field deployments to refine the design of a wave-energy converter system and test and address the high-risk elements of the system through iterative short-term deployments.  The prototype system developed in this stage was a two-body point absorber system that included a plate submerged at about 30m depth connected to a surface buoy by a power take-off system that absorbed the power present in the differential motion between the surface buoy and the submerged plate.  A schematic of the system is shown in Figure 4.  The basic topology of this system has not changed from this stage through the end of the project but different deployments have utilized different instrumentation and different submerged plate sizes, shapes and depth of submergence.  Significant conclusions about the effects of these factors have been made and are summarized in the Conclusions section.
The Stage Two goals were met by performing four short-term deployments of an increasingly complete wave-energy converter system on the following dates:

1. Jan. 25-27, 2011  -  Three four-hour deployments (one each day)

2. Feb. 17, 2011 –  One 21-hour deployment

3. Nov.  8-11, 2011  - One three-day deployment

4. Jan. 6, 2012  - One 21-hour deployment
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Figure 4  The two-body wave-energy absorbing system consists of a surface buoy connected to a submerged plate by a power take-off system that converts the energy in the differential motion of the plate and buoy to electrical power.  This electrical power is sent up to the buoy at high voltage and converted to voltages suitable for charging batteries or sent to a load dump if the batteries are full.  A variety of plate sizes and depths of submergence have been tested throughout the project, resulting in a good understanding of the effects of this element’s design on the power capture and reliability aspects of the system. 
The project initially subcontracted the design and fabrication of the power take-off system to a private company (Levant Power) but they were unable to deliver a working unit.  What they did deliver failed on the test stand before the testing at sea, and the power electronics required to convert raw voltages to battery levels were never delivered.  This put the project behind schedule and required that MBARI Engineering develop a power take-off system instead.  For these reasons, deployments 1 and 2 above did not have a working electrical system but instead utilized a restrictor plate in the hydraulic path of the Levant system instead of the hydraulic motor and electrical generator Levant had specified.  By adjusting the size of the restrictor plate and measuring the resulting force/speed relationship on the test stand, an appropriate damping element was created that allowed the system to go to sea to test the deployment procedures and other elements present in the system such as the spring component and the instrumentation and telemetry systems.  Later in 2011 and early 2012, deployments 3 and 4 included the MBARI-designed electro-hydraulic power take-off system. This power take-off device generated electricity but had no ability to convert it to voltages suitable for charging the batteries because those electronics were still under development.  This limited the deployment durations but the tests were sufficient to achieve the goals of Stage Two: considerable operational experience was gained with the system, issues of longevity with the tether connecting the submerged plate to the power take-off system were uncovered and addressed, wear and fatigue issues were identified and addressed, and considerable data was collected that allowed the system performance to be optimized for the demonstration deployments in Stage Three.   
[image: image11.jpg]


  [image: image12.jpg]k2xzi 0-005Y WiSY 3

= T

1C9pd "IM 60, £0rT80 U8

WLSD Ivee

&

curieo g1 UReRaT _Lj-ut)a"

RS}

=
—=
=

==

QT





[image: image13.jpg]


  [image: image14.jpg]



Figure 5  Photographs of the initial deployments in January-February 2011.  The upper left photo shows the buoy and power take-off system being put in the water for subsequent tow to the deployment site.  The upper right shows the submerged plate element being loaded onto the deployment ship in the background; this element is lowered into place below the buoy once on site.  The lower two photos show the system operating in calm (Jan 25, 2011) and rough (Feb 17, 2011) conditions.  The sphere with antenna deployed adjacent the system is a WaveRider buoy that measures the time history of the wave elevation at sufficient frequency to determine the wave spectrum present during the tests.
The MBARI-designed power take-off system has proven to be robust and efficient in service to date.  This electro-hydraulic system converts mechanical power to electrical power at efficiencies greater than 70% and is the most sophisticated piece of equipment developed as part of this project.[image: image27.png]Elongation (m)
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 As shown in the diagram to the right, the power take-off system consists of an outer tube connected to the buoy and an inner piston rod that is connected to the submerged plate via a tether.  This device provides a spring/damper element which exerts a force that depends on both the elongation of the device, and the speed at which the device is elongating.  Four main components make up the power take-off system: a pneumatic spring, an electro-hydraulic power take-off system, and the structural elements and tether guide which resist bending due to side-loading and keep the forces in line with the hydraulic cylinders.  

The spring force is provided by an upper piston that acts against compressed nitrogen above and below the piston.  A nearly linear spring is created by selecting the volumes and pre-charges of the two chambers.  The spring constant can be changed by adjusting the quantity of gas in each chamber.  Aside from one connector failure which allowed the lower chamber to vent its pressure during the April 2013 deployment, this pneumatic spring has proven to be efficient and robust.  There is a make-up pump that can return gas from the upper chamber to the lower chamber in the case that the piston seals leak; but this has never been needed and the system typically returns from deployments at the same pressure settings as which it starts.  There has not been noticeable wear in this system after many months of continuous use throughout all of the deployments and testing.  The system has proven to be efficient.     The compression and expansion of the gas on each wave cycle is faster than the time constant of the heat transfer in and out of the system, so the gas compression is nearly adiabatic.  One feature of this design is that none of the structural elements are in compression.  Only the gasses experience compression and they are not subject to buckling as are long structural columns.  This feature allows this design to be extended in length with no structural considerations.  Additionally, the gas does not suffer from any fatigue issues and tensile stresses on the outer tube are easily kept below fatigue limits. Both of these considerations are in stark contrast to mechanical compression springs, which buckle and require support when made too long and are often very heavily built due to fatigue considerations.
Below the spring element is the electro-hydraulic power take-off device (shown in yellow in the diagram).  This system provides a force that is proportional to the elongation rate of the PTO by forcing oil through a hydraulic motor that is connected to a permanent magnet motor that is operating as a generator.  This generator produces electrical power at relatively high voltages (up to 500V) which is conveyed to the surface buoy as three-phase alternating current.  On board the buoy this power is rectified and converted to battery-charging voltages.  By adjusting the electrical load the generator sees, the force/speed relationship of the PTO can be adjusted on the fly by the control power electronics.  The hydraulic system contains a pressure relief valve that limits the peak pressures in the system if overloaded, as well as a hydraulic compensator that can replenish up to two liters of hydraulic fluid should the seals leak.  Of course all hydraulic seals leak some, in recent deployments the oil consumption of the system is about 0.2 liters per month of operation.  After each deployment an oil analysis has been performed and this has not detected significant amounts of seawater or metal in the oil.  The same hydraulic motor has been used throughout all of the deployments to date and has shown no signs of degradation.  The measured efficiency of this component is shown in Figure 6.
The structural elements of the power take-off device must resist very high axial loads and additionally must be rigid enough to keep the two hydraulic rods and pistons in line.  The upper spring element is large enough in diameter that it is very stiff in bending. The smaller diameter lower hydraulic tube is stabilized by four tie-rods that connect between the hydraulic ram flanges and are tightened to about 10,000lbs of pre tension.  The result is a system that is very stiff.  When the entire weight of the power take-off system is supported in the center, the total deflection of the system at the lift point is about 0.02 degrees.  This is sufficient alignment for the hydraulic rams and the system probably does not see that much side-loading in service, although this is difficult to quantify.  

In service, the biggest source of side-loading occurs when the submerged plate is not perfectly in line with the power take-off system.  This happens often as the buoy surges with each passing wave and the plate swings around below.  The hydraulic rams are not able to tolerate this side-loading so instead, a wire-rope tether is attached to the rod and runs over a tether guide at the very bottom of the device.  This guide is plastic and has been shown in lab testing to not induce significant friction into the system or weaken with repeated cycling.  After 150,000 cycles of lab testing at a 10 degree angle, no degradation in cable strength was measured.  That said, the tether that passes through this guide has broken twice in service.  In each case we believe there were extenuating circumstances.  After the first failure it was found that a recovery line attached to the PTO may have been pulled into the tether guide opening and fouled the cable.  The second failure occurred after the gas in the lower spring chamber had escaped in December 2012.  This removed all compliance in the system and very high tensions and snap loading of the cable resulted.  This occurred during a mild winter storm that kept us from immediately recovering and the tether survived an additional two days of mild storm conditions before parting.  

[image: image15.png]System Efficiency

0.75

0.7

0.65

0.6

0.55

0.5

0.45

0.4

0.35

0.1

0.3

0.4
speed (m/s)

0.5

0.6

0.7

80 Ohms
50 Ohms
33 Ohms
25 Ohms
20 Ohms
16 Ohms
11 Ohms
7.5 Ohms
5 Ohms

0.8




Figure 6  The efficiency with which the electro-hydraulic power take-off device converts mechanical energy to electrical energy depends upon the electrical loading and the speed the ram is moving.  Efficiencies above 70% have been achieved and the buoy control system is programmed to load the PTO at the highest efficiency points whenever possible.  Due to the initial numerical modeling of the system dynamics, the peak efficiency point (force versus speed) of the PTO corresponds to a damping level which provides optimum system dynamics for wave-energy capture.
Stage Three
The goal of Stage Three was to field a platform that could last in the ocean for two to four months and generate an average of 300 watts of electrical power.  To meet this goal some additional development was needed to convert the prototype from Stage Two to a platform capable of extended deployments.  In particular the power electronics were upgraded to convert some of the captured electrical power to a voltage suitable for powering the buoy electronics and recharging the batteries.  The design of these electronics is challenging because the wave-energy system produces electricity at a wide range of voltages and powers.  An average power production of a few hundred watts arrives in short term peaks of up to 10kW and at voltages between 0 and 500V.  It is challenging to develop power converters that operate efficiently over such a wide range and additionally the power electronics must simultaneously regulate the load presented to the generator while converting the power to battery voltages.  The system designed and built suffered, in the first deployments, from an input bus instability that caused some power converter failures but those problems have been solved and the device is currently operating reliably.
Three attempts were made to achieve extended deployments and none survived to the end of a two-month period.  In each case there were component failures that ended the deployments but none of these failures were a result of fundamental problems with the concept design.  Instead, ancillary systems failed that caused a premature end to the deployments which has kept us from proving the viability of this concept for longer deployments.  Each subsequent deployment ended for a different reason and the causes of each failure have been simple to fix.  Since the end of the project, MBARI has sponsored a fourth deployment which began on September 3, 2013 and will be recovered in early November 2013.  All of these deployments have been done with the submerged element anchored to the seafloor to keep the buoy on station.  This anchor system is a chain catenary mooring connected to the bottom of the submerged plate and exerts minimal influence on the wave-energy converter dynamics.  The performance of the system in a drifting mode will be very similar to these results but obviously can only take place further offshore or with a station-keeping element (e.g., flapping foil or similar) included in the system.
Demonstration Deployment #1:  June 29, 2012 – July 9, 2012
The system was deployed on June 29th, 2012 and remained at sea for 10 days.  During this time the seas were relatively calm with significant wave heights never exceeding 2 meters (typical of summer in Monterey Bay).  The average electrical power captured during this deployment was 192 watts.  The submerged plate used in this deployment had a projected area of 10.3 m2 and was the smallest plate area of the three deployments.  As a result this deployment demonstrated poor performance in sea states with significant wave-height below 1m.  The lesson from this deployment was that in order to generate higher average powers, performance improvements in the lowest sea-states need to be improved.  Figure 7 shows power production versus significant wave height, based on half-hour averages.

This deployment ended when one leg of the bridle that supports the submerged plate parted, allowing the plate to hang in the water vertically, a position from which it exerts little force on the PTO and the resulting power production becomes very small.  For this deployment the bridle itself was made of a HDPE fiber rope (Spectra) that was used for its very high strength and easy workability which allowed these components to be made in-house.  Although very strong, this material is not abrasion-resistant and it is believed that the rope may have interfered with the metal plate during deployment and have been damaged.  Upon recovery the failure was about 2 feet from the end so it is unlikely that a thimble termination caused the problem.  It is possible for the bridle to wrap around the corner of the plate which would correspond to the location of the break, but this was not observed during a dive inspection of the system at the beginning of the deployment (although it’s very dark at those depths).  It is believed that there must have been some damage done to the Spectra rope at some point because in its new condition, the material is much stronger than any forces present in the system.  Nevertheless, after this deployment the bridle materials were changed to a jacketed wire-rope and these problems have not recurred.
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Figure 7  Electrical power generated and significant wave height during the June-July 2012 deployment.  Each power data point is a half-hour average of power production during the period the sea-state was measured.  The very low power production starting on July 9th is a result of a failure in the bridle supporting the submerged plate.
Demonstration Deployment #2:  Nov 12, 2012 – Dec 3, 2012
The second demonstration deployment took place in the late fall which is early winter storm season in Monterey Bay.  This provided an opportunity to test the system in more severe sea-states (with significant wave heights of nearly 4.5 meters).  The average hourly power production during this test was 389 watts.  A few changes were made to the system for this deployment.  The area of the submerged plate was increased by about 20% compared to Deployment #1.  This was done based on modeling results that indicated the lower sea-state power production would increase with a larger plate area and this contributed to the higher average power generation for the deployment.  Also implemented was a gain-scheduling algorithm in the control scheme that adjusted the damping coefficient of the system depending on sea-state.  This allowed the system to automatically adjust for changing sea-states instead of us having to perform these adjustments manually throughout the deployment.  
In spite of the more severe sea-state, this deployment lasted longer than the summer deployment but ended when the main tether parted during severe conditions on November 31, 2012.  The load cell was not operational for this deployment so there is no record of the peak forces during the test.  Upon recovery of the system it was found that the tether parted at the location where it passes through the tether guide at the bottom of the PTO.  Previous lab fatigue testing had indicated that this was a robust design and should not have been weakened by three weeks at sea.  However, evidence was found that a line attached to the bottom of the PTO for launch and recovery purposes may have been pulled up into the tether guide.  This recovery line was severed at the location it would have interfered with the main tether in this hypothesis and there was significant abrasion on the jacket of the tether itself.  There is no definitive evidence indicating if the tether failure was due to fatigue and extreme conditions or interference from the foreign object being pulled into the tether guide.  Nevertheless, the deployment and recovery operation has been redesigned to eliminate this (and all other) recovery lines attached to the system.
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Figure 8  Electrical power generated and significant wave height during the November 2012 deployment.  Each power data point is a half-hour average of power production during the period the sea-state was measured.  Winter storms occur starting in late November and rough conditions existed for this deployment.
Demonstration Deployment #3:  April 25, 2013 – May 17, 2013
The third and final demonstration deployment was originally intended to be a test of the advanced control schemes developed in that component of the project.  Because modeling and analysis had provided strong evidence that the proposed latching control scheme wouldn’t be effective for this system (see below), the goal of this deployment was to again demonstrate longevity of the concept and also to increase the low wave-height power production of the system.  Because the storm season is over by April, the size of the plate was again increased for this deployment to 15.7 m2, up from an original 10.3 m2 in the first demonstration deployment.  This increase in plate size was driven by modeling results that indicated a significant increase in power absorption due to the increased added mass of the larger plate, even if the mass and size stays the same.  The result was seen in the deployment data in the form of increased piston stroke and power generation, especially at lower sea-states.  Figure 9 shows the power production of the system during this deployment (247W average).
This deployment ended due to the failure of an electrical penetrator for the cable that carries the electrical power to the surface.  For routing and protection reasons, this cable passes through the pressurized chambers of the pneumatic spring.  Due to repeated flexing of the strain relief on this connector, the polyurethane outer part separated from the stainless steel connector body, allowing pressurized gas from the bottom chamber to escape and the pneumatic spring to extend to its maximum extent.  The failure was immediately obvious upon recovery and easily fixed. Nevertheless, this simple failure ended the deployment.  

Before and after each deployment the performance of the power take-off system is measured on the test bench.  After this deployment it was noted that the efficiency of the device had decreased during the deployment by about 10%.  This appeared as an increase in the force required to move the piston against a given load, but the speed to motor RPM and voltage ratios were unchanged.  This indicates that the loss of efficiency was due to an increase in parasitic drag in the system.  This test was repeated 8 weeks later and the efficiency of the system had returned to pre-deployment levels.  This indicates that the hydraulic seals at the bottom of the PTO may be absorbing some water and becoming tighter as the deployments progress.  Also noted during this testing was a slight misalignment of the cylinders that make up the PTO.  It’s possible that the increase in drag is due to a combination of these effects since it had not been seen in previous deployments.  A new procedure has been established for aligning the system.
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Figure 9  Electrical power generated and significant wave height during the April-May 2013 deployment.  Each power data point is a half-hour average of power production during the period the sea-state was measured.  The increased added mass of the submerged plate in this deployment resulted in larger piston motions and increased power production during calm periods.  
Demonstration Deployment Comparisons and Results
A comparison of results between the three demonstration deployments provides some additional insight into the performance and capabilities of the system.  Figure 10 shows the average power generation plotted against significant wave heights for each deployment. Although useful for a rough measure of performance, significant wave height doesn’t capture the frequency content of the waves present at any given time.  For instance, a 1.5m significant wave height may be long swell or short wind chop, and the system responds quite differently to the different sea-states.  This contributes to the scatter in performance for a particular wave height.  Another measure of performance is the percentage of the maximum available power in the wave-field that the device is converting to electricity.  A point absorber device of a particular volume has a theoretical maximum amount of energy it can absorb from a given sea state.  Using this as a basis allows for a better comparison of performance between different deployments.  This maximum is not the total energy in the wave-field but is how much energy a perfectly efficient point absorber of a given size can absorb.  There are many factors that make realizing this maximum very difficult and typically wave-energy converters without advanced controls achieve single digit values of this measure.

Figure 11 plots the summary deployment data as this percentage of theoretical maximum versus sea-state.  In this plot the increased efficiency of the system with the larger submerged plate (April 2013 deployment) is evident, especially at low energy sea-states.  The roll-off of this efficiency in larger waves is likely due to peak power limitations of the power take-off system.  The larger plate results in higher forces and speeds and at these higher power levels, the pressure relief valve in the system opens and limits how much power is absorbed.   This illustrates a key design trade-off for this system.  The larger plate added mass is needed to keep the power absorption high in small waves but leads to higher forces and survivability issues at higher sea-states.  The submerged plate element in this system is simply a rigid structure.  Future work should concentrate on a design of this element that could adapt to changing conditions, exerting large forces at low speeds, and limiting the amount of force exerted as the speeds increase.  A hinged flap arrangement could likely perform this passively.
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Figure 10  Comparison of average power production versus significant wave height for the demonstration deployments.  The increase in power production at low wave heights due to the increased plate size for the April 2013 deployment is evident.  (The short January 2010 deployment is also shown in this plot.)
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Figure 11  Comparison of conversion efficiency versus significant wave height for the demonstration deployments.  The increase in efficiency at low wave heights due to the increased plate size for the April 2013 deployment is evident.  (The short January 2010 deployment is also shown in this plot.)
AUV Docking 

The Autonomous Underwater Vehicle (AUV) docking element of this project was added after the project start and was intended to explore the possibilities for docking an AUV to the wave-energy conversion buoy.  This is a very challenging task and the goal in this project was to explore concepts for doing this, analyze them using the computational tools developed, and test high-risk elements of the system.  Based upon MBARI’s previous experience with docking, a concept was developed that included a cone dock that could ultimately be mounted to the submerged element of the wave-energy capturing buoy system.  Analysis indicated that the motions of the submerged plate would make this challenging yet possible in calm conditions.  Furthermore, schemes were analyzed that would allow the power take-off system of the wave-buoy to be run in reverse to stabilize the submerged plate and dock for the few minutes required for vehicle capture.  The energy to do this was not found to be prohibitively large but implementing the required power electronics were beyond the scope of this project so this was never tested.  
The at-sea activities centered around testing the ability of the vehicle (MBARI’s LRAUV platform) to locate and home to an acoustic signal using the Benthos DAT ultra-short baseline system.  This system is relatively new and has the ability to transmit data in the sonar pings, allowing the vehicle to receive information such as dock orientation and depth during the vehicles approach.  This is an important capability because the docking challenge here involves a dock that is moving (compared to one mounted on the seafloor).  The accuracy problems of the Benthos DAT were a combination of multi-path problems within the fairing of the vehicle, hardware problems that contaminated some of the testing.  The result was that the system as initially installed in the vehicle could not be uniquely calibrated, i.e. more than one vehicle orientation could produce the same result from the sonar.  Because of these issues the bulk of the work done on the docking problem was spent getting the sonar to work to its specifications and the dock that was designed (and largely built) for this project was never tested.  This dock prototype is shown in Figure 12.
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Figure 12  The cone dock concept that was developed for this project.  This equipment was never tested due to problems with the sonar homing system.
After the installation of sufficient acoustic-baffling material in the AUV, the sonar performance was eventually brought within specifications.  Figure 13 shows the arrangement of the DAT in the AUV nose.   Tests in the MBARI test tank were conducted in which the vehicle was positioned in the center of the tank and the sound source transducer was moved through a grid of points.  Figure 14 shows the accuracy obtained in the test tank.  
After the sonar problems were addressed, at-sea testing consisted of demonstrating vehicle homing to a sound source hanging below a Liquid Robotics WaveGlider.  This source had some motion and was translating through the water, a more challenging homing problem than hitting a fixed location.  Figure 15 shows the path of 11 homing attempts.
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Figure 13  The DAT is shown mounted in the very front of the vehicle, protruding through the fairing slightly.  The green material behind it is the acoustic-damping material that was required to reduce multi-path effects inside the vehicle from contaminating the results.  This material (SADM-1) is manufactured by SynTech Materials Inc. for this purpose.
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Figure 14  Tank test results of the final and best accuracy attained with the DAT.  The left plot shows the clustering of sonar hits around the actual position of the sound source relative to the vehicle (the large black dot is directly ahead of the vehicle).  The image on the right shows the average accuracy of the sonar for a region directly ahead of the vehicle.
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Figure 15  11 tracks of homing attempts of the vehicle to a sound source being towed by a WaveGlider.  Eight of these were with one meter of the target as verified by video taken by a camera mounted next to the sound source. 
Advanced Control

The final task that was added to the project involved the implementation of advanced control schemes to increase the energy captured by the system beyond what is possible with a resistive loading scheme for which the system was originally designed.  An issue with all wave-energy extraction systems is that for a simple resistive loading scheme (like has been implemented for this project), the dynamics of the system are such that the wave forces on the floating body do not correspond naturally with the velocity of the power take-off device.  Instead the velocity of the piston in this case lags behind the force applied to the buoy by the incoming waves.  Numerous schemes have been studied to use a control system to modify the response of the system to the incoming wave forcing to bring these into line.  The most complicated (and effective) require that power flow from the power take-off device is bi-directional, i.e. that the electrical system drives the power take-off piston at part of the cycle.  This requires complicated power electronics which we have not developed for this project.  However, there are other schemes that involve simply latching the position of the power take-off ram for a period of time in each wave cycle.  This has the effect of positioning the buoy oscillations at a different point in the incoming waves and lining up the wave-exciting force and the power take-off motions.  The system developed in this project is well-suited to investigate this type of control; the ability to load the electrical generator under computer control exists so it is a matter of software to implement such a scheme.

Numerical modeling using the tools developed in this project was undertaken to evaluate the effectiveness of this type of advanced control and to refine an algorithm suitable for implementation.  This analysis showed that at the scale of this system, the wave-forcing and buoy motions are too far out of phase to allow the simple latching scheme to improve the amount of energy captured from a particular sea-state.  Figure 16 illustrates the effects of different latching times in single frequency waves (latching begins when the piston comes to a rest).  Only in cases of a submerged plate with very high added mass (infinite in the limiting case) does this scheme increase the power captured.  This is in contrast with previous studies in the literature that show this approach to be effective in larger systems.  This result was not appreciated by investigators who have concentrated on larger systems and a journal publication outlining this result is currently in preparation.

What was also learned from this analysis is that the power capture of the system is highly dependent upon the added mass of the submerged plate.  For the April 2013 deployment the added mass of the test article was increased by filling in some of the gaps in the existing plate.  This did increase the energy capture of the system as described above, but also caused large piston excursions and forces in the larger sea-states.


[image: image26]
Figure 16  Effect of a latching control scheme at a range of submerged plate added mass values.  Lambda represents the ratio between the added mass of the submerged plate and the buoy.  Only at very high added mass values does latching become effective for this system.  At attainable added mass values, the latching scheme makes the performance worse.  
Conclusions
This project has demonstrated that capturing power from the waves with a small platform is possible and that the average power levels attainable greatly exceed those which are available from traditional solar and wind power systems.  From MBARI’s experience a solar and wind system on a buoy of this size produces about 50 Watts on average during long term deployments, meaning that the 250 Watt averages demonstrated in this project are a five-fold increase in energy availability at sea.  It has not yet been demonstrated that this technology has the longevity to last at sea as long as the traditional approaches to energy collection, which typically have one year deployment cycles.  So far the fundamental limits of how long this technology can be deployed for have not been found.  The deployments have ended due to failures that have been simple to fix.  The electro-hydraulic power take-off device has proven to be robust and while the performance of that element will degrade slowly due to wear, little such effects have been seen after several months of use.

There may still be opportunities for increased power capture from this device through advanced controls.  Although the simplest such scheme has been shown by this project to be ineffective at this scale, more sophisticated reactive control schemes should still be investigated in spite of the increased power electronic complexity these require.
Station-keeping was addressed theoretically in this project and the best option appeared to be the flapping foil concept of Liquid Robotics.  We were unable to come to an agreement to collaborate with them on what they claim to be their intellectual property so we did not pursue this further. 
Limited Autonomous Underwater Vehicle (AUV) docking work with this platform was done as part of this project.  The docking effort done here focused on the basics of AUV docking such as homing and sonar calibration and did not interact with the wave-energy capturing buoy system.  AUV docking to the wave-energy buoy is certainly required to make the most of the power levels available; however, it is an extremely challenging task to dock an AUV of limited mobility to the moving components of the wave-energy buoy.  Stationing the dock on the seafloor and connecting to the wave-energy buoy via cabling is more tractable but less attractive.

To enable longer term deployments of this design concept, a couple of development steps are needed.  The current design does not limit the maximum loads the systems can experience.  This makes it very difficult to make the system stand up to winter storms.  To achieve reliability over a wider range of sea conditions, some compliance needs to be built into the system so that the peak loads can be predicted and designed regardless of sea state.  There are a couple of options for this.  One is to limit the reserve buoyancy of the surface expression so that if pulled hard enough by a large wave, it would submerge and limit the peak forces exerted on the sub-sea elements.  Another option is to redesign the submerged element with some compliance to shed power as it is pulled faster through the water.  One can imagine a system of flaps that are spring-loaded such that at slow speeds, they present a large drag and added mass but when pulled, quickly open and limit the peak loads.  Such a system could provide the large plate surface needed for significant power production in low sea-states and simultaneously limit the loads in higher sea-states.
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