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Project Manager
:

Andrew Hamilton
Principal Investigator:
Andrew Hamilton
Lead Engineer:

Francois Cazenave

Project Title:

PowerBuoy
1) ABSTRACT (new projects only)
2) PROPOSAL
a) New Projects
Statement of the problem, why it is important
How does it relate/contribute to MBARI’s mission and strategic plan?
How does it relate/contribute to the Packard Foundation’s Ocean Visions Grantmaking policies? (See http://mww.mbari.org/oed/OED_Documents.htm#Packard for documents.)
Does it relate to the Technology Roadmap? If so, please describe how. 

(See http://www.mbari.org/about/TechnologyRoadmap.pdf.)
Approach to the problem
Publications (from other projects over the last 5 years)

b) Continuing Projects

Current status of project and results to date
This three-year project started in 2014 to transform the PowerBuoy from a demonstration system suitable only for short deployments to an oceanographic platform capable of supporting science experiments.  Figure 1 illustrates the major components of the system.

The original proposal included four main areas of work:
· Survivability/Longevity

· Power Conversion and Optimization

· Station Keeping

· AUV docking

At this writing we are halfway through the effort and have made good progress on the first two items; the status of these efforts is described in this section.  The remainder of the proposal outlines work to advance the second two items.

Survivability/Longevity  

Under the original DARPA funding for this project, the emphasis was on the characterization of how much wave-energy can practically be harvested by a platform of small size.  This was done through numerical analysis of the problem and short deployments to validate the numerical analysis. For this reason, the original hardware was not designed for extended deployments and as we attempted longer deployments, fatigue, wear, and corrosion issues led to a rash of failures.  In 2014 the system was re-engineered for longer term deployments and we succeeded in keeping the system operational for four months between September 2014 and January 2015, including some moderate sized winter storms.  Figure 2 shows the history of deployment durations and illustrates the extended deployment that was achieved, and the time it took to re-engineer the system.  
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The deployment ended in January 2015 due to a failure with a hydraulic seal and we have re-engineered the relevant seals to extend their life going forward.  The items in the system such as seals that undergo wear are the prime limitation to extended deployments, and while many can be engineered out,   trial and error is required to weed out all of them.  Therefore, the upcoming deployment in the fall of 2015 and the proposed deployments described below for 2016 have two purposes; one is to implement and test new features in the system, and the other is to continue to refine the details that will ultimately make this system reliable for extended deployments.
The other main item of concern on the prototype system was the main tether connecting the buoy and power take-off device to the submerged anti-heave plate.  The tether was tested to failure after the 2014 deployment and its break strength was found to be equal to its strength when new, i.e. the four month deployment caused no measurable reduction in strength.  There was some jacket wear that we are concerned about, but not to the point of imminent failure.
Figure 1 Illustration of the major components of the 
PowerBuoy system.  The power take-off system consists 
of the pneumatic spring and electro-hydraulic system and

is connected by a tether to the compliant submerged plate. 
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Figure 2  Deployment durations.
Power Conversion
A significant limitation of the original power-buoy platform was a very limited ability to store the electricity generated.  We are completing the development of a much improved system for this that stores nearly 100% of the generated electricity in batteries, unless the batteries are full in which case the energy is dissipated as heat.  Additionally, we’ve modified the tether to accommodate electrical wires to carry some of this energy to the sub-surface plate.  

Fall 2015 Deployment

We are planning for our 2015 deployment to begin in early October.  In this deployment we will be testing the improved hydraulic sealing, the full-capacity power electronics and the electro-mechanical cable.  We again will aim for a six month deployment, exposing the system to winter storms.  While the rougher weather creates some risk, this system needs to survive such conditions so testing through the winter provides that experience.  The most inconvenient failure in rough weather is a drifting buoy, and we typically prepare for this by keeping an adequate anchor and rode on board the paragon during winter months to facilitate a fast and inexpensive method to secure the system in case of a failure.  Should it be impossible to secure, there is a chance that the buoy and power take-off components could reach the beach.  This would be a high profile failure that may be difficult to quickly clean up, but so far it has never happened. 
c) New and Continuing Projects: Plans for 2016
Engineering/technology development

For 2016, we propose to tackle elements of the two remaining areas in the original three-year proposal, station-keeping and AUV docking.  Each of these includes significant challenges that won’t be solved in one year, but we propose efforts that will advance our understanding of the issues through analysis and at-sea testing.  From that point of view the proposed work consists of high-risk/high-reward research activities, but the at-sea testing portion will include an extended deployment that helps us to continue to address longevity issues that will most certainly be raised by the 2015 deployment.
Station Keeping

It has long been recognized that the Liquid Robotics “flapping-foil” type solution has great promise for this system, but in the absence of collaboration with that company, it seems worthwhile to investigate other solutions such as the inclusion of thrusters.  The reason a thruster solution could have utility in this type of system is that when the wind and waves are high, we typically are throwing energy away because the batteries can’t absorb all of the power as they become full.  Currently this excess power is dissipated as heat but it could also be directed to a thruster that would propel the system or at least limit drift.  
The work proposed with respect to station keeping is best characterized as feasibility study; at this time we do not know the effectiveness of thruster based propulsion for this system, which is hydro-dynamically quite different than usual at-sea platforms.  The first order questions are how fast the platform moves for a certain amount of power applied, in a range of wind conditions.  

Even with an understanding of the speed versus power relationship in steady conditions, the question of station-keeping performance versus sea-state for this platform is a complicated one.  It is challenging enough to predict the station keeping performance of the system in steady wind, wave and current conditions, but in fact the time-varying nature of the conditions needs to be considered to get an idea of the size of an area the buoy will stay within, given a particular scheme for diverting power to the thrusters.  For instance, if one wants to keep the platform within a mile of a particular location, it is not clear if it is most efficient to fight as hard as you can to keep position during a windy period, or if it’s better to drift off some and return to the target location during a calmer time.  The answer to this depends on many factors, including the energy capturing capability of the system, the power needed to move at a given speed through the water, other demands on the power captured by the system, and any correlations in the wind, wave, and current magnitudes and directions.  
Concurrent to this project, we are working on an externally funded project that addresses the questions outlined above with respect to station keeping in the time-varying conditions.  The DARPA/TUNA
 project (see MBARI project 708123) includes similar ambitions for a network of inter-networked buoys connected by optical fiber.  Included in that concept is a station keeping behavior that will keep the network from drifting too far and fast.  They have come to the conclusion that energy harvesting is going to be necessary for this and Hamilton is involved as a Co-PI on an award made to Andrew Stewart at UW-APL, one of several entities under contract as part of this large DARPA funded project.  In particular Hamilton’s contribution in the second half of 2015 is to be an analysis of the issues described above, and a characterization of what can be expected from a thruster powered small buoy.  

Due to the complexity of the problem, analysis results are sure to be inaccurate and field testing will be necessary to ultimately determine the capabilities of such a system.  Because we have a wave-energy buoy that includes most of the necessary components, we propose to implement a thruster on our system in 2016 and perform some testing as part of our longer-term deployment.  We won’t count on this system to keep station for an extended period of time, but instead testing would be performed during the anchored portion of the deployment with the control system set up to attempt to hold station above the anchor if possible.  We have sufficient experience with the watch-circle that the buoy undergoes during anchored operation that success in overcoming the wind and current will be immediately obvious.  If successful, we will be collecting performance data in a wide range of conditions due to the extended length of the deployment.
Practically speaking this portion of the project will involve integrating an existing thruster system (similar to those used on an ROV) into the system, most likely attached to the pneumatic spring section shown in Figure 1.  Control of the system will be achieved by modifying the various computer control systems to direct excess power to the thruster instead of the load-dump, and to perform directional control to navigate towards a waypoint.  
An ancillary activity will be to investigate higher performance battery systems than we are currently using.  Station-keeping performance is almost certainly going to be significantly influenced by the energy storage capability of the system.  We have identified a supplier of refurbished electric car battery modules that would have higher energy density than our lead-acid solution, at a reasonable cost.  Due to the nature of wave-energy, increased battery capacity is always going to improve the average power available from the system, so this work has value independent of station keeping.  The work involved early in the year would be to acquire one of these packs and controllers (potentially for free as collaborative research with the battery manufacturer).  We would then evaluate it for our use, and other oceanographic use as well as the modules appear to be relatively cost effective.
AUV Docking

AUV docking is likely to be a critical capability for this system, but like station-keeping it is very challenging.  An attractive place to dock an AUV is to the submerged component of the system (the compliant plate in Figure 1) as this provides a natural platform for attaching a cone dock similar to those we’ve implemented previously.  This has driven the work in 2015 to deliver power and communications down to that element from the surface.   It is possible that the submerged plate motions will preclude docking activities, both during docking, and during the subsequent time which the AUV is attached to the plate.  
As part of the original DARPA funding for this effort, we designed and built a dock for the LRAUV, but never fielded it due to changing priorities at that time.  It is premature to think we could attach that dock to the submerged plate of the existing system and expect much success, so instead the effort proposed in 2016 is to instrument the plate sufficiently to measure its motion and to explore options for stabilizing it for docking operations.  In particular, an inertial measurement unit, pressures sensor, and compass will provide motion measurements and these will be monitored in real time.  The data collected will also be useful in establishing the feasibility of mounting other instrumentation that may be sensitive to motion of the plate.  
Because the plate motions are a significant issue for AUV docking, we will also explore options for stabilizing the motions during docking operations.  The power electronics developed in 2015 will have the capability to operate in reverse, and by adjusting (motoring) the power take-off position in response to the depth sensor reading, it should be possible to reduce the plate motions for short periods of time.  The proposed 2016 deployment will be an opportunity to test this capability and characterize its effectiveness.  Should these efforts indicate that the motion of the submerged plate is so severe for direct docking, we would then begin to investigate other options such as docking directly to the wire, or to yet another platform that is decoupled from the wave motions.
We are also proposing some limited homing activities with the LRAUV.  The intent is to include a transducer on the PowerBuoy and have the LRAUV make some homing runs to it to demonstrate that component of a docking operation.  This is similar to the AUV homing done previously in which the LRAUV homed to the wave-glider.  During these operations, sonar data will be collected and in conjunction with the plate motion data being recorded, an improved picture of the prospects for docking an AUV direct to the PowerBuoy submerged plate will result.
As a result of the previous efforts on these issues as part of the DARPA project, we already own all the major components needed to execute all of the work described in this section. (Transducer, DAT, inertial measurement unit, pressure sensors, cameras, lights, communication links, etc.). 
Field programs (detail ship requirements/deployments/diver requirements)
Traditionally this system has been deployed and recovered by the Shana Rae.  This has proven very cost effective due to the fact that the system was designed for that ship from the beginning.  The ship costs outlined in the budget reflect the continual use of this boat.  Deployments can be done from the Rachael Carson if it is available but some effort will be required to re-engineer our systems.  
During deployments we typically dive on the system once every six weeks to inspect various aspects of the underwater systems.  This and other inspection trips have been effectively performed with the Paragon and we plan on six Paragon trips for a six month deployment; in addition to routine dive inspections this covers other maintenance needs and/or LRAUV launch and recovery operations.  Typically these are two-three hour trips as the deployment site is nearby and the Paragon is fast.  In the budget and ship request it is assumed that each service trip requires ½ of a Paragon day. 
Specific deliverables
1) Subsurface plate instrumentation package, integrated into PowerBuoy system.

2) Hardware and software for station-keeping testing.

3) System suitable for at-sea testing and results from subsequent test.

Milestones (see personnel classification list)
	2016 Project Start Date: 
MM/DD/2016
	Milestone 1
	Milestone 2
	Milestone 3
	Milestone 4
	Milestone 5
	Total Resources
 for each resource category for all milestones listed here

	Milestone Date
	6/1/206
	6/1/2016
	8/1/2016
	9/1/2016
	12/1/2016
	

	Milestone Description
	Submerged 

plate instrumentation
	Station Keeping hardware/software
	Integration and Test
	Test Deployment
	LRAUV Homing Tests
	

	EE
	160
	168
	48
	104
	32
	512

	SE
	76
	64
	120
	40
	80
	380

	ME
	300
	248
	212
	288
	56
	1104

	EE Tech
	66
	72
	24
	16
	24
	202

	SE Tech
	0
	0
	0
	0
	0
	0

	ME Tech
	96
	60
	72
	112
	0
	340

	Machine Shop
	60
	76
	0
	0
	0
	136

	Divers
	0
	0
	0
	56
	0
	56


Milestone 1:  Complete submerged plate instrumentation package and integrate into system
This work includes the integration of a variety of sensors and hardware we already have on hand, housing them for underwater use, and connecting that instrumentation package to the power-buoy communication infrastructure.
Milestone 2:  Develop hardware and software for station keeping testing

This work is to integrate the hardware and software necessary to perform a test of the station keeping performance that can be achieved with an electric thruster.  This involves 
Milestone 3:  System Integration and Test

Completion of this milestone will result in the power buoy system assembled, tested on the test machine, and ready to go to sea.  
Milestone 4: Test Deployment 
The tasks and estimates outlined to complete this milestone are well established by previous deployments.  The test deployment itself could extend into 2017.  Resources listed here include one deployment and recovery, which will likely include a recovery of the system deployed in 2015 and deployment of the 2016 system.
Milestone 5: AUV homing tests
These tests will take place in suitable conditions during the test deployment, and perhaps can be performed during other LRAUV operations.
Budget justification
The table at the end of this proposal contains a work breakdown for all the tasks and sub-tasks that make up the total requested labor, ship-time, and expense.  The labor and ship-time estimates are based on our experience with the effort required to make engineering changes and field-test the results.  The expense budget is based upon our experience and estimates where the we lack experience. In particular:

- Shana Rae time is estimated at $2000/day, this is consistent with recent trips with this boat.  

- The deployment costs are based on previous experience, a relatively large expense has been include in case the torsion bar springs in the submerged plate need to be replaced.  We chose to not replace them this year so for a 2016 deployment the existing parts will have seen considerable use, although their lifetime is unknown.

Project team
Unlike 2015 where we did some very specific electrical engineering, the proposed tasks are more in-line with more usual engineering activities that are done at MBARI.  This affords us more flexibility in who does what task, but we would like to keep our team intact and involve Francois Cazenave, Jon Erickson, Scott Jensen, Rich Henthorn, Eric Martin, Denis Klimov and John Ferreira. 
Project lab and office space requirements 
We moved some large equipment into Building D years ago under the promise of a limited term stay, and are still there.  We do require this space and the marine operations staff (Mike Conway) has accepted that we probably aren’t leaving, but we do get in the way of fork lift operations for storing the tool-sleds and other equipment from time to time.  Less problematically, we would like to continue to occupy our lab space upstairs in Building B.  
Data storage requirements (see Todd Ruston for assistance)
None
Data availability outside project team, uniqueness

We typically publish live performance data of the system on the web-site in the form of graphs.  Detailed numerical data is not available without us providing it.  
Export Regulation
Does the project team anticipate any foreign collaborations or international travel? If so, please identify collaborators by name, institution, and country.

None
Does the project team plan or anticipate export controlled purchases, shipments, or transfers of items (e.g., research instruments, proprietary data, hand-carried tools or samples) outside the U.S. temporarily or permanently? If yes, please identify country or countries and indicate whether these items will remain under MBARI control while abroad or controlled by others. Will the items be exported to more than one country? Please include foreign collaborator information as described above.

None
Monterey Bay National Marine Sanctuary SESAs (General map)
Projects will need to indicate whether or not work will be conducted within one of the Monterey Bay National Marine Sanctuary's Ecologically Significant Areas (SESAs). An interactive map can be found on the Sanctuary's SIMoN webpages at http://sanctuarysimon.org/maps/sesa/. (Note: It may take a moment for the page to load, so please be patient. Also, if prompted for a login, hit “Cancel” and then you will be able to access page.) To determine if your work will occur in a SESA, specific coordinates can be entered using the locator function (click on the red "target" button in the toolbar at the top of the map). If your work will be conducted in one of these areas, please indicate which area, by number. 

None, deployments are typically in the Sanctuary (7 miles from MBARI) but are not in the SESAs.
Risk matrix (development and infrastructure projects only)
	
	Technical Risk
	Organizational Risk
	Tech Transfer Risk
	Labor Estimate Risk

	High
	X
	
	X
	

	Medium
	
	X
	
	

	Low
	
	
	
	X


� This date and number should remain the same for the duration of the project. If your project start date for 2016 is not January 1, please indicate the start date in the first cell of the milestone chart.


� Development and infrastructure projects must complete the risk matrix (see item #5 at the end of the proposal form).


� Not all projects will require all four titles to be filled in. Please indicate individuals only for those titles that are appropriate for your project. 


� � HYPERLINK "https://www.fbo.gov/index?s=opportunity&mode=form&id=3279130558cc9144cf8245fef1ade8d2&tab=core&_cview=1" �https://www.fbo.gov/index?s=opportunity&mode=form&id=3279130558cc9144cf8245fef1ade8d2&tab=core&_cview=1�





� This number should be the same number you entered on the resource requests for this particular resource.
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