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1.0  INTRODUCTION

This proposal is submitted to the Office of Naval Research(ONR) in response to the  Broad Agency Announcement (BAA) 01-012 - DEMONSTRATION OF UNDERSEA, AUTONOMOUS, OPERATION CAPABILITIES AND RELATED TECHNOLOGY DEVELOPMENT

1.1 The Goal

The goal of this proposal is to develop, demonstrate, and deliver the next generation autonomous underwater vehicle, the Extended Autonomy AUV (EAAUV). This will be achieved through the development of a cost-effective, easy to use, semi-fuel cell energy system, mission-level fault detection and recovery and improved electronics and power management. The EAAUV program goals will be accomplished through the collaborative efforts of the Monterey Bay Aquarium Research Institute (MBARI) and Fuel Cell Technologies (FCT). 

The EAAUV system will be based on the MBARI Atlantic Layer Tracking EXperiment (ALTEX) AUV[1], a modular vehicle that allows for easy integration of various payload sections. The fuel cell section will be a key development, hereafter referred to as the SM-80
, which shall conform to the 21-inch diameter hull of ALTEX. SM-80 will be an AUV section that is a maximum of 66-inches in length, neutrally buoyant, and will deliver 80 kWh at 300 W.  The SM-80 will be compatible with other vehicles using the basic 21" modular hull sections and made available through Bluefin Robotics. 

Fault detection and recovery is a key to enabling a routine extended autonomy capability.  As mission lengths and complexity increases, the complexity of handling mission exceptions greatly complicate mission configuration, adding significant opportunity for operator error.  Augmentation of the highly versatile and field-proven Layered Control[2] architecture employed in the MIT Odyssey AUVs and ported to the ALTEX vehicles will greatly simplify mission exception handling, even providing limited replanning capabilities. 

The EAAUV will achieve improved endurance through the use of more power-efficient components. This will be accomplished through updated control electronics, improved motors for propulsion and control surface actuation, and software which takes advantage of power-saving features of new processors.  A 20% increase in range is expected as compared with the existing ALTEX vehicle, which is already very efficient.

The EEAUV will be a new class of AUV, building on a proven base of technology but with increased reliability, endurance, and ease of use and maintenance.  The power source is an updated and more reliable version of the ALTEX technology already being developed and tested. The systems and technologies developed in this program will be made available through licensing and direct purchase from Bluefin Robotics and Fuel Cell Technologies. 

1.2 The Performers

The Monterey Bay Aquarium Research Institute (MBARI) is a world class research institute and developer of remote and autonomous underwater vehicle platforms. MBARI has a highly capable sea-going operational capability with three vessels and two deep-diving ROVs.  One of those systems, the ROV Ventana, just celebrated passing 2000 successful science dives.  MBARI systems are designed to perform deep-sea operations for the ocean science community and related projects. The systems designed by MBARI are reliable, versatile, and offer low life cycle cost benefits compared to other present day systems.  MBARI has successfully transferred technology elements to industry (Bluefin Robotics) thus making available engineered systems for the military, industrial and academic user communities.  The Navy's Battle-space Preparation AUV (BPAUV) is one example of a system using MBARI technology licensed to Bluefin Robotics. The MBARI and the MBARI AUV web page is located at www.mbari.org and www.mbari.org/auv. 

Fuel Cell Technologies is an experienced manufacturer of fuel cell and semi-fuel cell technologies.  FCT has been an integral part of the ALTEX team and the semi-fuel cell development under that program.  FCT has also been a provider of military and commercial fuel cells since 1994. Since it's inception FCT has continued the design, develop and commercialize aluminum energy systems for underwater vehicles.  The core technology, the aluminum/oxygen semi-fuel cell, started development over 12 years ago by Alupower, a division of Alcan Aluminum Limited, at an investment cost to date of approximately $40 million(US) .  During this time the FCT underwater power source group developed. FCT is located at 20 Binnington Court, Kingston, Ontario,  Canada K7M 8S3. FCT can be contacted at 613-544-8222 or 613-544-5150(fax), their web page is located http://www.fuelcelltechnologies.ca. 

2.0  TECHNICAL DESCRIPTION
2.1 Background

The Extended Autonomy AUV (EAAUV) program builds on technologies proven in MBARI led autonomous underwater vehicles (AUV) efforts. The effort most relevant to the EAAUV is the Altantic Layer Tracking EXperiment (ALTEX)[1] in which an extended endurance AUV is being prepared for a mission to determine the fate of the Atlantic water advected into the Arctic basin.  The ALTEX AUV is designed to navigate 1,500 kilometres under the Arctic ice cap. 

As with many ambitious technical projects, the return on the investment of the ALTEX project extend well beyond the focus of the immediate goals.  Core AUV components entered field testing in January 2000.  The central elements of the system, including software, tail section, and mechanical architecture, have already been transitioned to Bluefin Robotics, Incorporated via licensing arrangements.  These are the basis for a line of commercially available AUVs, several of which have already been delivered to customers, including the US Navy.   At the time of this writing all the elements of the system, including the semi-fuel cell, have been operated at sea.  Lessons learned from field are being applied through a process of iterative improvement.   The first Arctic tests of the ALTEX vehicle are being carried out this fall from the US Coast Guard Ice Breaker Healey.   The emphasis of these tests is to prove Arctic science sensors, penetrating-ice buoy operation, high-latitude navigation capabilities, and operational techniques. 

Exciting new development initiatives have spun out of the effort as well.  The Inertial Navigation System (INS) work initiated within the ALTEX program resulted in the creation of a consortium of industry and not-for-profit organizations focused on creating an extensible AUV navigation capability (the Corner-Stone Navigator Project presently led by Bluefin). The extended duration capability provided by semi-fuel cell technology is fostering similar broadly based efforts to create extended operational capabilities for a range of applications.  

Development of the ALTEX vehicle is presently supported by the National Science Foundation under grant NSF-OPP 9910290 and the Office of Naval Research.  The project was initiated through the National Ocean Partnership Program under contract N00014-98-1-0814, administered by the High Latitude Dynamics Program at the Office of Naval Research.  The program started at MIT with J. Bellingham as PI, but moved to MBARI when Bellingham became Director of Engineering at MBARI.  MBARI’s participation in ALTEX has been substantially supported by the Packard Foundation.  NOAA has supported this work through the provision of ship time for system testing. 

2.1.1
AUV Description

Although design of the ALTEX AUV was driven by a set of needs of the Atlantic Layer Tracking Experiment, the system is reconfigurable to satisfy a wide range of both Navy and science objectives.  
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Figure 1:  ALTEX at tank side showing the modular construction

The ALTEX vehicle is designed as four functional component sections: the forward payload section, a communication buoy section, the semi-fuel-cell section, and the tail section which contains propulsion, guidance, and control systems. Figure 1 shows the major components of the vehicle.  The mechanical infrastructure consists of an exoskeletal stressed skin connected by interlocking rings and axially oriented members. This concept results in high structural, packaging, and hydrodynamic efficiency. The skin is made from impact-resistant ABS plastic, which makes the vehicle extremely robust against damage in launch, operation, and recovery. The interlocking joining rings are designed to allow rapid assembly and disassembly of the vehicle into its individual modular sections, making the logistics of development, maintenance, and shipping manageable. Industry standard connections allow the tail section to be matched to a number of different power sources and payload packages. The modular vehicle layout allows for remote development and assembly of these sections. Distribution of power and data take place through a backbone of cables in oil-filled tubes and junction boxes. This solution was chosen for its high reliability and flexibility.

The aft section constitutes a complete, self-contained control and propulsion module. All necessary control, navigation, and communications hardware reside in a single 17" spherical pressure vessel. This includes the main vehicle computer, acoustic and radio frequency modems, and navigation systems. The propulsion and control module are one integral unit, where the ducted propeller-and-thruster motor moves in unison by means of two linear actuators. This compact and robust tailcone is designed to withstand the rigors of extended arctic deployment, as well as provide outstanding maneuverability and stability. The articulated tailcone design is capable of +/- 20 degree motions and is constructed primarily of plastic. The tailcone electronics are housed in an oil-filled enclosure, and operate at ambient pressure. Many of the current electronic boards and test protocols have been adapted from systems originally developed for MBARI's 4000 m rated Remotely Operated Vehicle, Tiburon.

MBARI currently has two different navigation systems under test and a third is being delivered. The first unit combines a heading gyro from IXSEA™ with an RDI® acoustic Doppler Velocity Log (DVL).  A second system, on loan from Kearfott®, consists of a Ring Laser Gyro mounted to a RDI® DVL. The third unit, an LN-250, already purchased with a delivery date of July 20th 2001, is from Litton Industries®. The Litton® unit uses less power and is smaller than the Kearfott® unit, but it with slightly reduced performance with respect to error growth rates. These systems are being tested on the ALTEX AUV by MBARI for performance comparison.  Other navigation capabilities developed for ALTEX include GPS surface update, LBL net navigation (an extension of the MIT Odyssey code), and homing to a long base-line (LBL) beacon. These capabilities will allow for the EAAUV to be tested in a long endurance mission locally but will also be necessary to allow the system full extended autonomy in the future. 

2.1.2 AUV Software

The ALTEX main vehicle software architecture is an enhanced version of the code originally developed for the MIT Odyssey AUVs[3] and proven on nearly two dozen field experiments over half a decade.  The vehicle’s core software is object-oriented, running under the real-time operating system QNX, on industry-standard PC 104 hardware.  Critical design requirement for the new code were that the software be robust, expandable, and maintainable for years to come. 

ALTEX's vehicle software has proven to be extremely reliable in sea-trials thus far. The software is based on a distributed-object multi-tasking architecture and is implemented in C++. The system is partitioned into subsystem "objects" (Navigation, Dynamic Control,  Layered Control, Tailcone, etc); each subsystem object contains one or more separate threads of control. Each subsystem object has a  well-defined "public interface", which is cleanly separated from the  actual implementation code of the object. Subsystem objects communicate  with each other through their public interfaces. Thus the overall  vehicle system consists of multiple cooperating subsystem objects  and their threads. 

There are many strengths to this design approach. The multi-tasking architecture is more suited to long-duration fault-tolerant operations than is a single-threaded system. In the single-threaded case, a fatal exception in any section of code causes the entire system to halt, necessitating a reboot. In ALTEX's multi-threaded approach, an errant subsystem can potentially be restarted while the rest of the system continues to run. Properly applied and executed, object-oriented design and implementation results in systems which are highly reliable, maintainable, and extensible. The clean separation between subsystem interface and implementation results in subsystems whose implementation can be improved or even totally re-vamped, without requiring changes to other subsystems.

The current implementation has been tested in short-duration missions at sea and in the lab, lasting a few days at most. Several enhancements and added capabilities are required for reliable multi-week operation, including implementation of subsystem restart and recovery, multi-state layered control, and improvements to propulsion, dynamic control, and navigation subsystems.

2.1.3 Semi-Fuel Cell Status

The ALTEX program is revolutionary in its goals of extending AUV autonomy, which is largely enabled by the development of a unique semi-fuel cell system.  Current AUV state of the art supports relatively short missions.  While some systems have operated for periods in excess of a day, these systems are typically large (on the order of 1.3 meter diameter and 8600 kg's as with the Theseus system from International Submarine Engineering (ISE) in Vancouver, B.C., Canada) and require large amounts of logistical support in terms of manpower and equipment[4]. Systems comparable to the ALTEX vehicle (21" diameter) are normally operated for a periods less than a day on a set of batteries. Turn around times can be many hours, and sometimes involve partial disassembly of the AUV. 

To date, Fuel Cell Technologies has put to sea four aluminum energy systems, all using variations in oxygen supply, wet/dry hulls and solids modes. The baseline energy system[6] that FCT has developed for the ALTEX project.  To meet the stringent energy requirements for this application, FCT has designed a novel Aluminum/Hydrogen-Peroxide semi-fuel cell system to deliver 80 kWh at 300 W.  To date, the ALTEX system has run for over 450 hours total. In particular, the ALTEX system completed sea trials during Apr-May 2001, running for 56 hours in the pool and 78 hours in accumulated time at sea, down to 120 meters depth, with repeated dives & resurfacing as well as excellent idle mode performance submerged and on deck.

After a series of successful tank tests and field trials, a range of improvements have been identified.  Several weeks of intensive integration efforts focused on sea trials clearly highlighted the need for simpler operational procedures, improved handling of caustics, and a reduction in system complexity.  Careful attention to such incidents as damage to the fuel cell in a recent field trial (the cause of which is still undetermined as of this writing, but under investigation) is leading to the base of operational experience required to move this technology into the operational domain.  A primary objective of this proposal is incorporate the lessons learned in the ALTEX field tests to a more mature semi-fuel cell.
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The chart to the right illustrates the way ahead for the FCT Aluminum Energy Systems.  Although Lithium-Ion and Silver-Zinc batteries have excellent Volumetric energy densities, their deep-ocean-rated neutral-buoyant energy densities are significantly reduced.  On the other hand, FCT has already put to sea several systems that significantly exceed advanced battery technologies.  And although the ARCS systems were only rated to 600 meters due to the pressure hull limitations, the ALTEX 1 system is fully deep-ocean rated.  For the ALTEX 1 system, it is expected to achieve a neutrally-buoyant energy density of 200 Wh/kg.

Fuel Cell Technologies’ (FCT) Aluminum Energy (AE) technology offers significant advantages for AUV systems when compared to advanced batteries.  Chief among those are high neutral energy density (defined as the energy density of an AUV section that is neutrally buoyant) and cost-effectiveness.

2.1.3
Operation and Deployment

The ALTEX is easily assembled and transported. The modular design allows for easy maintenance in the field and allows for the ability to work on the vehicle while on the deck of the supporting vessel at sea. Each module can be carried or rolled into place for easy assembly. The system includes a shore power mode for check out and mission planning purposes. Operators execute test missions that check out all of the functionality and communications prior to launch. 

Once assembled, and the vehicle has passed a checkout on deck, the vehicle is launched.  Once in the water, a simple mission tests subsystems required for the desired mission. Once the vehicle surfaces a radio communications link is established to download data verifying the system is fully functional. When checkouts are complete the vehicle is released for full service. At this point the system traditionally is extremely stable and dependable. The software has been structured to be fault tolerant through a distributed computing design allowing the main vehicle computer to be lightly loaded. MBARI vehicles are operated on a daily basis in Monterey Bay.  They have operated continuously over 24 hours in a lab environment; and with the previous ALTEX fuel cell tests, have operated for approximately 48 hours without being shutdown or rebooted.  

2.1.4
Technology Transfer

MBARI technology has been successfully licensed, operated, deployed and sold by Bluefin Robotics. Bluefin robotics has incorporated licensed MBARI technology into systems built for the US Navy and ocean science communities such as the BP AUV.  This ’pipeline’ for transitioning the results of MBARI development to the Navy has proven highly successful, and will be employed for the AUV capabilities created in the EAAUV program.

2.2 Technical Description and Innovation

2.2.1 Vehicle Innovations

Vehicle development is greatly simplified by the relatively mature state of core ALTEX systems.  Consequently, efforts will be focused in three major areas:  fault detection and recovery, increased power efficiency and power system performance.  A substantial portion of the vehicle expertise in the team will be focused on supporting the fuel-cell development and testing program.

MBARI has identified ocean observatory systems as a primary institutional priority for the next several years.   Long-duration AUVs are a critical element of the MBARI Ocean Observatory System (MOOS).  These AUVs will operate from docking systems attached to moorings or seafloor cables.  The reliability requirements for MOOS AUVs overlap EAAUV requirements substantially:  both demand long term fault tolerant software.  We are building on experience gained in the Odyssey AOSN program (J. Bellingham, PI) in which extensive work was carried out with docked AUVs.  Among other accomplishments, mid-mission reboot capabilities were created, allowing a simple watchdog system to reset the main vehicle computer should it lock up (Moran, unpublished). The main vehicle computer then reinitialized vehicle subsystems and re-enters the mission. For extended missions, such capabilities are necessary for reliable operation.  

Extension of the AUV software to support fault tolerance is an important element of the planned vehicle system. Architecturally, the key enabling element is state-configured layered control[3] which allows the definition of unique vehicle mission states.  These states are invoked based on a set of transition rules (i.e. a finite state machine).  State-configured layered control thus provides the ability to handle problems (sometime referred to as mission exceptions) on an individual basis, rather than requiring all mission exceptions be handled within a single configuration file. The net result is a more ‘modular’ mission configuration process which is both easier to visualize and allows construction of missions from predefined components.

A similar approach can be used to increase robustness of the semi-fuel cell.  This system employs an independent processor that also runs QNX. In the event of a problem any one computer can be rebooted on command with the last known state in memory to assist in re-establishing  steady state running or for navigational knowledge to predict some error of position based on elapsed time. 

Power consumption of the vehicle can be improved substantially as well.  The main vehicle computer is presently Intel based, and employs the QNX real-time operating system as a computing environment. New processors and communications electronics are now available that consume substantially less power. These newly available components are often directly compatible or easily converted to be compatible as replacements. When accompanied by software modifications to take advantage of the new hardware capabilities, the processor portion of the hotel load can be reduced by an estimated 5 watts continuous.  Together with modifications in propulsion and actuation, we believe a 20% reduction in power consumption can be achieved, leading to a corresponding improvement in range.
Power Budget Estimates





Watts (currently)
Watts (new design)
% delta

Hotel Load
23.49
18.49
21%

Processor (alone)
5.5
0.5
91%

Propulsion
180
160
11%

Actuation
62
34
45%






Total Load
265.49
212.49
20%

Table 1 - Power Savings Estimates
2.2.2  Fuel Cell Description and Innovation

[image: image7.wmf]Figure 2.

The diagram at the right shows a simplified arrangement of the Al/H2O2 cell with the two liquid electrolyte loops and the H2O2 injection system.  The Stack is comprised of a number of these cells connected in series. Electrochemical devices convert chemical energy directly into electrical energy and thermal energy at various efficiencies.  All such devices are comprised of three primary components:  Anode, Electrolyte and Cathode.  The differences between fuel cells, semi-fuel cells and batteries stem from the means by which the energy is stored and converted by these three components.  For batteries,  all the chemical energy is stored within the battery itself, in the anode and cathode.  For fuel cells, all the energy is stored external to the fuel cell.  As long as fuel and oxygen are supplied to the anode and cathode, respectively, power will be produced.  For semi-fuel cells,  all the fuel is stored in the anode, and oxygen is stored externally.  

Due to the very high energy density that semi-fuel cells offer, FCT has been developing, over the last 12 years, Aluminum/Oxygen semi-fuel[7] cells using a liquid potassium-hydroxide (KOH) electrolyte.  While this technology is suited for most remote applications, it is best suited for underwater applications, where neutrally-buoyant high energy density is paramount.  It is this variant of the FCT aluminum energy technology[8,9,10] that this proposal addresses.
2.2.2.1 Aluminum Energy System Design

The SM-80 is based on FCT’s aluminum/hydrogen-peroxide  pressure-compensated technology.  As such, it utilizes the dual KOH electrolyte loop (catholyte and anolyte) and 50% hydrogen-peroxide as the oxygen source for the semi-fuel cell.  
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The diagram on the right illustrates a long-range configuration of an AE System.  The multi-cell stack is centrally located over a hard center-tank.  At each end of the section, a pair of bag-tanks are fitted.  At the beginning of the mission, the H2O2 bags are filled and the KOH bags are empty.  As the system provides power, the H2O2 is consumed and the resultant product water from the catholyte is returned to the center tank, which is connected to the KOH bag tanks on both ends.








Figure 4: Long Range Configuration Fuel Cell

The SM-80 will be housed within a 66-inch section of the 21-inch diameter AUV.  In addition to the stack and tanks, there are up to two 10-inch Benthos spheres that house start-up/recovery batteries and all computer controls.

To deploy the AUV, the Stack is inserted into the AE System using quick-connects.  The system is charged with 50% hydrogen-peroxide from the HP Cartridge, then charged with electrolyte from the Electrolyte Cartridge.  The system is then ready for use.  At the end of the mission, the system is connected to the Neutralizing Cartridge, which neutralizes the electrolyte, stack and overall system.  Once neutralized, the contents of the Neutralizing Cartridge can be stored as non-hazardous/environmentally-friendly waste.  Under current regulations these material could be safely discarded at sea. The Stack can then be returned to FCT for recharging.  The AUV refuelling process takes less than one hour, and can be repeated as many times as there are Stacks and Cartridges.  The option also exists to simply store the used electrolyte and neutralize it at a later time, thus reducing the refuelling time by approximately 50%.

The Stack, Electrolyte and Neutralizing cartridges are shipped and stored dry.  The Electrolyte and Neutralizing Cartridges require minimal activation prior to use, which consists of simply adding water.  This can be done beforehand, at the beginning of the deployment, or whenever required during the mission.  

2.3 Performance Goals

2.3.1 Vehicle Performance Goals

MBARI plans on reducing power use and improving power management of the main vehicle computer, actuators, propulsion, and to increase the available power carried as part of the system to create the Extended Autonomy AUV. The goal is to operate the EAAUV further and longer than any previous fuel cell system. Additionally, MBARI will demonstrate the technology and making it available to the Navy and ocean science community through licensing and collaboration with Bluefin Robotics. Similarly, this goal is true for the semi-fuel cell source, FCT has stated to MBARI they have the goal of making this new technology, the SM-80, a product available to the AUV user community. 

2.3.2  Semi-Fuel Cell Performance Goals 

For the FCT Aluminum Energy System, we are continuing to improve performance of various sub-systems and to develop other variants to meet market demands.

The concept of operation for the SM-80 utilizes a Cartridge-based system, consisting of:

· A 21-inch diameter 66-inch long AUV section consisting of all system components of the AE system, including refuelling kit;

· One or more 80 kilowatt-hour fuel cell Stacks;

· One or more 50% Hydrogen-Peroxide Cartridges;

· One or more Electrolyte Cartridges; and

· One or more Neutralizing Cartridges.

The SM-80 is pressure compensated, so any depth restrictions will be the result of buoyancy foam or payload limitations.  For the purposes of this proposal, AM-32A foam is used, which has a depth rating of 3,000 meters.

[image: image9.wmf]Figure 3: Fuel Cell Schematic


       Table 2 - Foam Chart: Depth Rating versus Available Power in Cell

As will be presented in this proposal, the SM-80 features a low acoustic signal, safe handling on-board the host vessel, has attractive total ownership costs, is fully  environmental compliant and offers a very flexible operating envelope, with unrestricted power turn-down ratios from 300 watts to 0 watt (net).  

2.3.3 SM-80 Performance Goal

The performance goal for the SM-80 is to achieve energy densities of 320 Wh/kg and 380 Wh/litre, which will equate to a neutral energy density of 290 Wh/kg at 1,000 meters depth or 250 Wh/kg at 5,000 meters.  The Baseline unit will be a 3,000 meter depth-rated (270 Wh/kgl), 80 kWh system using 50% hydrogen-peroxide.  Research and development (R&D) efforts will focus on solids management, stack improvements, hydrogen-peroxide efficiency, improved refuelling processes and reduced costs.

SUBSYSTEM
WEIGHT kg
VOLUME L

Cell Stack
57
42

Electrolyte
68
51

Pumps, Valves, Piping
11
9

Oxygen Storage
77
64

Control System
14
20

Structural, Miscellaneous
24
23

Buoyancy Foam
42
84

TOTAL
293
293

Note:  Total volume for a 66-inch section is 375 litres

Table 3 - Preliminary Weight and Volume Breakdown for the SM-80
For the Cost Performance Goal, please refer to Section 4.

2.4 Risk

There are two main risk issues associated with the delivery of the EAAUV system, as follows:

· Hydrogen-Peroxide Efficiency – To date, the hydrogen-peroxide system efficiency at sea has not met that attained during bench-top tests.  While potential solutions have been identified, a complete review of the dual-loop versus single-loop electrolyte system is in order to validate or refute the earlier decision to use the dual-loop system. 

· Solids Management – The implementation of a quick-refuel feature to a solids-managed system incurs not insignificant problems that need to be solved, including the management of the solids during discharge, emptying and neutralization.

2.5 Project Logistics Requirements in Operation

Please refer to Section 4 for all logistics considerations.
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3.0 STATEMENT OF WORK
The following section provides a list of and summary description for each technology development and demonstration task to be performed in the performance of the work associated with the development of the AUV and the SM-80. A timeline and milestone chart is included at the end of this section.  In addition, cost estimates for each task are provided in Table 4 in Section 6.

3.1    Scope

The scope of work for this project is to develop lower power electronics for the control and operation of an AUV in conjunction with an updated fuel cell power source. This requires a trade study of current technologies in the area of low power components and

Then testing them for compatibility in the various locations of the AUV system. Some components require pressure compatibility to operate at ambient pressures while others require thermal design and considerations to increase reliability in waters anywhere in the world. MBARI plans include a full program of power use review, trade studies into newly available technologies, testing of components, installation of components into the appropriate application, lab testing, tank testing, sea –trails, and endurance testing. The data collected will be used in publications and the new technology will be transferred to an industrial partner to made available to the greater AUV community.

The scope of FCT is to develop and deliver a cost effective, reliable aluminium energy system for the extended autonomy AUV.  This requires that the AE system be optimized for reliability and energy density.  This has a significant impact on the statement of work in that it reduces the specific R&D tasks to those that have a direct impact on the higher-endurance and reliability issues.  Other issues, such as higher power, will be addressed in a separate Statement of Work for a high-power multi-mission system (SF-40).     Note:  There are redundancies in the Work Packages for the Statements of Work.  This is due to the fact that developmental effort is required for both versions of the technology, with typically different solutions to meet the optimizing constraints of high-power or high-endurance.

3.2      Program Management

MBARI uses a matrix management approach commonly used in multi-disciplinary projects to maximize access to a talent pool while controlling expenditures. This approach has proven most effective in allocating MBARI internal resources and assists in ensuring that all project goals are met in a timely and cost-effective manner.  

3.2.1 Project Management

The EAAUV Project will be managed by the Project Manager (William ‘Bill’ Kirkwood).  Technical assistance will be provided on an as required basis by the Co-Principal Investigator (James Bellingham).  In addition, the MBARI AUV lab staff of full-time mechanical, electrical, and software engineers along with technicians will be applied to this project as needed. Additional support from the operations staff and other personnel of the MOOS project will also assist at various points in the test plan.

3.2.2 Kick Off meeting

MBARI will start the project with a kick-off meeting to verify project goals and means and to set up the required lines of communications for the project.  Key elements of the previous testing and designs will be reviewed. Verification of the program directions will be addressed and considered for MBARI and FCT.  Considerations of other efforts will also be reviewed to take advantage of potentially synergistic efforts. 

3.2.3 Progress Review Meetings

Progress Review Meetings are scheduled for every 3 months, with the locale alternating between Moss Landing, California and Kingston, Ontario. After the initial kick-off all meetings will follow a test series with appropriate time allowed for data review and reporting to be included as part of the progress reports. 

3.3      Development Phase
3.3.1   Hardware 

As outlined in the Technical Description section MBARI will develop lower power electronics using efficient designs, new actuators (DC brushless versus the current stepper motors), and the lowest power processor compatible with the system. 

3.3.1.1  Processor Upgrade
The main vehicle computer processor upgrade will draw on an MBARI in-house effort called Side-ARM.  This is a low-power design with upgrade paths readily available for a variety of applications. The ARM processor is supported by the QNX Neutrino architecture; thus there is a clear and straightforward upgrade path from the current vehicle software, which runs under QNX 4.24. 

3.3.1.2 Actuator Upgrade

The current stepper motor based system will be upgraded to operation off DC brushless motors. DC brushless technology is already used for propulsion, so the anticipated issues for this advancement is to either find or custom build motors that will fit within the mechanical constraints of volume.  

3.3.1.3 Propulsion Upgrade

Propulsion upgrades will focus mostly on the controller electronics. Current testing in the lab and at sea has led MBARI engineering to believe that replacing the design with a newer technology and using a different commutation scheme will increase the efficiency. 

3.3.2 Software

3.3.2.1 State-Configured Layered Control

The layered control architecture of the current vehicle software will be ‘cocooned’ within a higher level finite state machine allowing switching between different mission states (which are equivalent to mission plans).

3.3.2.2 Fault Detection and Recovery

Working with the state-configured layered control architecture, fault detection algorithms will trigger mission state transitions, to pre-configured recovery plans. This increases the predictability of system reliability and greatly simplifies mission configuration.  

3.3.2.3 Power Management

To take advantage of low power features of newer generation processors, certain features will have to be added to the vehicle software.  For example, writing to hard disk can be accomplished without processor activity.

3.3.2.4 OS Upgrade

The new software will employ new modules for power management and priorities based on the new QNX OS Neutrino. 

3.3.3 Core Fuel Cell Science
3.3.3.1 Hydrogen-Peroxide System Efficiency

A key aspect of the energy density of the SM-80 is the amount of reactants that need to be carried onboard the AUV.  As such, the efficiency of the hydrogen-peroxide system has a direct impact on AUV performance.  The current dual-loop system is not performing as well as bench trials predicted.  

3.3.3.2 Solids Management Optimization

Another key aspect of the energy density of the SM-80 is the electrolyte discharge capacity of the electrolyte.  As described in Section 2.2, the solids-managed mode of operation can deliver up to twice the energy density of a solids-free system, at the expense of increased complexity necessary to manage the aluminate precipitate within the system.  Complicating the issue is that the precipitates behave differently at lower temperatures. 
3.3.3.3 Stack Cell Flow Optimization

Electrolyte flow into each cell is fed from a common distribution manifold, into the jet supply manifold and finally through six jets into the actual cell frame.  Due to the relatively low electrolyte flow-rate, the electrolyte distribution to and within individual cells can be uneven.  This creates regions of varying current density and where solids can accumulate and settle creating problems for very long runs.  In addition, the optimization of the cell architecture will be different for high-power or high-endurance systems. 

3.3.3.4 Cathode power take-off Optimization

Current systems use a silver strip about 5 mill thick to transmit current from the cathode.  The strip has to pass between the adjoining cell frames, creating sealing problems for the cell frames.  This arrangement is also quite fragile, and adds cost to each cell stack rebuild. 

3.3.3.5 Anode power take-off Optimization

Current systems use two anode power take-off studs.  This is to ensure that if the anode breaks in half due to an uneven flow field, the system will still function properly.  The anode studs also locate the anode in the cell frame.  The complexity of two anode power take-offs is deemed excessive.

3.3.3.6 Cell Sealing Optimization

Current methods of sealing the cell stack use the cathode membrane as a seal.  Although this membrane is somewhat compressible, it is not the best way to seal the stack.  In time the KOH will wick its way through the membrane and will slowly leak to the outside.  Alternative methods for sealing the cell frames could utilize an o-ring and groove arrangement.  This has been used successfully on the ARCS 4 system. 

3.3.3.7 Composite Material Optimization

FCT currently utilizes various materials for structural and enclosure purposes.  Other materials are available that are lighter and are caustic/peroxide/oil tolerant.

3.3.3.8 Membrane Optimization

Tests to date show that the thicker the membrane, the slower the system response.  However, the sealing of cell frames improves with thicker membranes.  Development will be geared towards using as thin membrane as possible without allowing too much peroxide to permeate the membrane, thus improving the response.  
3.3.4 Ancillaries
3.3.4.1 Pump Optimization

Current pump configuration utilizes two anolyte centrifugal pumps, submerged in the anolyte centre tank, one peroxide and one catholyte gear pump located on top of the aft bag tanks.  Development will be concentrated on reducing the anolyte pumps to one.  Use of a high speed motor and modified impeller is anticipated.  

3.3.4.2 Bag tank Optimization

The current configuration has four bag tanks: two anolyte and two peroxide bag tanks.  Both  are currently fabricated at FCT, but future iterations could have peroxide tanks made by outside contractor and they would be reusable.  Only the anolyte bag tanks would be replaced after the run.  Development would be concentrated on a quick way of inserting and replacing the bag tanks.  

3.3.4.3 Electronics packaging Optimization

Current system house the PC104 stack and components in 2 Benthos spheres.  These spheres, and their connectors, are expensive. Alternatives for the packaging of the electronics is needed.  In addition, new signal conditioning boards can be developed to further reduce the packaging requirements of this system.  

3.3.5 Refuelling
The majority of recent effort in the development of the aluminum energy systems has been focused on the performance of the fuel cells and ancillaries.  Now that these systems are maturing, effort can be applied to the support issues associated with operating aluminum energy systems.  A fundamental operating issue with this system is ease of refuelling.

3.3.6 Neutralizing
One aspect of the aluminum energy system is the requirement to neutralize the spent electrolyte.  This is done using a dilute citric acid with an added PH indicator.  A requirement exists to implement a user-friendly means for the user to neutralize the electrolyte. As a result, the following Work Packages for the High-Endurance system are planned.

3.4   Test Plans

3.4.1  Pool Tests
Six pool tests are scheduled at FCT.  These tests provide the necessary operating data and reliability information of the system modification prior to advancing to vehicle integration.  The system must be operated in an underwater mode for as long and as many times as feasible. 

3.4.2   Tank Tests
Five iterations of fuel cell testing on the vehicle are planned, with some vehicle integration effort required for each upgrade.  The FCT fuel cell will be tested in the MBARI test tank prior to the system being taken to sea. These tests are used to characterize the fuel cell in a controlled environment and to compare the status of the system against previous data sets. These tests also allow for tuning the fuel cell to a maximum hydrogen-peroxide efficiency while inspecting the system for any anomalies.  

3.4.3    Sea Trials 

Sea trials are the ultimate test of each iteration of the fuel cell. As planned there will be four tests to verify design modifications, performance, reliability, and design simplicity. These tests will also allow for a data base of knowledge to be collected on the robustness of the system in tank and sea trials. The knowledge gained in these tests will verify design concepts, chemistry alterations, solids management, and other adjustments.   Perhaps most important, each sea trial will build our base of operational experience with semi-fuel cell systems.

As the design converges, our sea trials will push the endurance envelop towards demonstrating the full operational capabilities of the system. These tests will take place in Monterey Bay, approximately 10 Km from MBARI's facilities. The test zone is within radio line of sight and is outfitted with an LBL array. Using the array the test can be conducted and monitored for the expected two weeks with periodic surfacing form the EAAUV. The radio modem link allows for a data and status check which can quickly be assessed by the designated test member on watch. All data will also be kept in detail on the vehicle for later analysis once the testing is concluded. As a precaution a vessel will be kept on alert and will periodically transit to the sight to make visual contact during the tests. 

3.5    Timeline & Milestone Chart

[image: image10.wmf]Figure 2.


Figure 5 - Timeline and Milestone Chart

4.0 LOGISTICS ANALYSIS

4.1  EAAUV  Supportability

The EAAUV is a design based on current vehicles. The support criteria is not anticipated to require any changes from current operations and field support. With increased reliability the amount of time between repairs is expected to decrease as the experience and designs progress. 


Weight
Volume
Cost


(kg)
(litres)
$US

System Cost

ALTEX Vehicle (MBARI supplied)
350
~700
-

Fuel Cell Section
43
375
$30,000

Support Equipment

Launch and Recovery System (MBARI supplied)
100
-
-

Tracking System (MBARI Supplied) 
70
-
-

Consumables

O-rings and seal materials
10
-
$   2,000

Ship time (5 day mission)
-
-
$   7,000

Fuel Cell costs 
-
-
$   3,900






Cost Per Day ( for a 5 day Mission )
$   2,580   ($12,900)

Table 4 – Logistics Cost for EAAUV

4. 2 SM-80  Supportability

The SM-80 is being designed to provide maximum capability with a minimum impact on the logistics tail necessary to support the system in the fleet.  In particular:

· The only running maintenance costs are the costs of the consumables for each mission.  The number of missions completed is only limited by the number of Cartridges carried.

· Planned Maintenance on the SM-80 system will be based on running hours and will utilize repair-by-replacement, either by the client or by FCT.  The maintenance periodicity will be determined as part of this project.

· No manning augmentation is required to support the SM-80 system.  The only manpower requirements stem from the refuelling process, which is designed to be completed within one hour by two technicians.  The technicians will require no specialized training aside from standard safety training for caustic and peroxide handling.

· The following Table shows the estimated ROM projection for the SM-80 systems.


Weight
Volume
Cost


(kg)
(litres)
$US

System Cost

Single SM-80 AUV 66-Inch Section
42
375
$30,000

AE Stack
57
42
$   7,000

Support Equipment

Refuel System
25
25
$   1,000

Spares Package
10
10
$   1,000

Consumables

AE Stack (Refuelled)
57
42
$   2,700

Hydrogen-Peroxide Cartridge
77
64
$      300

Electrolyte Cartridge
68
51
$      300

Neutralizing Cartridges
30
40
$      600

Cost Per Mission
$   3,900

Table 5 – Logistics Cost for SM-80

"Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal or quotation."

5.0 ORGANIZATION CAPABILITIES

MBARI (www.mbari.org) was established in 1987 and has a long history of operating vehicles in the deep ocean. MBARI facilities are located directly on the coast at the head of the Monterey Submarine Canyon. With a staff of approximately 200 people, MBARI is unique among oceanographic institutions for the prominence engineering has in its charter. 

MBARI buildings offer over 77,000 square feet of office and laboratory space, with full machine shops capabilities including numeric controlled water jet cutter, 4 axis mill, and lathe.
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Figure 6 - MBARI Facilities

MBARI also operates three ships, two of which are dedicated deep-rated ROV support vessels.  One boat, the R/V Zephyr, is being customized to operate AUVs. Its location gives MBARI access to water 4000 meter deep in less than two hours. 
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Figure 7- The R/V Zephyr heading to the boat yard for modifications
The newest expansion of MBARI facilities is a saltwater test tank facility with 8 ton overhead crane. The tank dimensions are 30’ wide by 40’ long and 35’ in depth. The tank also has 11 observation windows and a lighting system designed for filming and photography. 
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Figure 8 - MBARI’s Test Tank - ALTEX Fuel Cell Testing Underway

FCT, established since 1994, has continued the design, development and commercialization of aluminum energy systems for underwater vehicles.  The core technology, the aluminum/oxygen semi-fuel cell, started development over 12 years ago by Alupower, a division of Alcan Aluminum Limited, at an investment cost to date of approximately $40 million(US) .  During this time the underwater power source group developed:

· A specialized aluminum alloy specifically produced for fuel cell anode applications to enhance aluminum-oxygen fuel cell performance.

· A specialized cathode produced by a proprietary manufacturing technique that generates high performance gas diffusion electrodes at a price approximately ten times lower than competitive priced electrodes.

· Electronic control system hardware specifically designed to be mechanically and electrically robust and fault tolerant to withstand the harsh environments often found within fuel cells.

· High performance oxygen source subsystems that have been tested and proven to be safe and highly reliable.

· System engineered "Power Source Systems" that can be installed with minimum modifications into a range of existing and planned AUV's.

5.1        Key Personnel

MBARI has a strong team of experienced engineering and operations personnel. MBARI Engineering has a proven record in robotic development.  Many of the team have 10 years in Remotely Operated Vehicle design, construction, operations, and modifications. The AUV team has been together for three years now with recent additions in dedicated electronics and software personnel. R/V Zephyr and commercially available support vessels (the R/V Shana Rae, R/V Martin, and the R/V Ricketts) provide extensive and convenient logistical support for AUV operations.  

FCT has a wealth of experience in managing air independent propulsion systems.  FCT's key personnel have been intricately involved in aluminum-oxygen semi-fuel cell systems development from the initial concept and design stages through the detail design and installation of aluminum-oxygen systems in 21" and 27" diameter (AUVs).  FCT is the first organization worldwide to have successfully completed sea trials of this type of power source in AUVs.
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Based on this experience, we well understand the management demands and complexities in introducing and delivering new and advanced underwater power sources on time and on budget.  We fully understand the absolute requirement for safety, reliability and system integrity.  We are established in assessing and identifying preferred technical options, and have in-house management systems that monitor technical progress and program financial status.

Skilled and experienced design, manufacturing and test talent is essential to successfully design the required power source system.  The FCT team includes a selected group of engineering and scientific experts capable of delivering advanced underwater power source systems that meets or exceed functional performance requirements.  Each individual key member identified below has direct, recent and relevant experience in this field.

The MBARI team of engineers dedicated to the AUV consists of the following personnel:

William J. Kirkwood: Associate Director of Engineering, Dorado and ALTEX program manager.  10 years of experience at MBARI in remotely operated vehicle and autonomous vehicle design. Education: BSME, University of California Los Angeles, 1979 & MSCIS, University of Phoenix, 1999. 

Dr. James Bellingham: Director of Engineering, ALTEX principal investigator. Has lead AUV operations in 20 field experiments between 1992 and the present, including serving as Chief Scientist for seven cruises at least one week long.  Director of the MIT AUV lab from 1989 till 2000. Education: PhD. Physics, Massachusetts Institute of Technology 1988. MB Physics, MIT, 1984.SB Physics, MIT, 1984. 

Relevant Publications:

Bellingham, J. G. and Consi, T., "State Configured Layered Control," Mobile Robots for SubSea Environments, International Advanced Robotics Programme, Monterey CA, pp 75-80, 1991
Curtin T., Bellingham, J. G., Catipovic, J., and Webb, D., “Autonomous Ocean Sampling Networks,” Oceanography, Vol. 6, No. 3, pp 86-94, 1993.

Bellingham, J.G., “New Oceanographic Uses of Autonomous Underwater Vehicles,” Marine Technology Society Journal, Vol.31, No. 3, pp. 34-47, Fall 1997.

Bellingham, J. G., Streitlien, K., Overland, J., Rajan, S., Stein, P., Stannard, J., Kirkwood, W., and Yoerger, D., “An Arctic Basin Observational Capability using AUVs,” Oceanography, Vol 13, No. 2, pp 64-70, 2000.

Willcox, J. S., Bellingham, J. G., Zhang, Y., and Baggeroer, A. B., “Oceanographic Surveys with Autonomous Underwater Vehicles:  Performance Metrics and Survey Design, ”  accepted for publication in IEEE Journal of Oceanic Engineering, 2001.
Mark Sibenac: Electrical Engineer, Dorado and ALTEX. Designed pressure tolerant control electronics for MBARI's autonomous underwater line of vehicles. Tasked to network robotic vehicles to operations stations over wireless serial links. Education: MS Electrical and Computer Engineering, Carnegie Mellon University, 1999. BS Electrical and Computer Engineering, Carnegie Mellon University, 1996.

Han Thomas: Software Engineer, Dorado and ALTEX. Oversees navigation and vehicle functional software. Lead engineer on design, integration and testing of INS and Doppler Velocity Log tasks. Previously a lead engineer at NASA Ames in planetary rover development.  Prior to joining NASA, worked in the robotics lab at Carnegie Mellon University.

Drew Gashler: Associate Engineer, Dorado and ALTEX. Lead on integration, vehicle construction, and as sea testing. Designed, wrote, and maintained Access database to track maintenance and calibrations of the 50 oceanographic sensors. Education: MS Marine Science, Moss Landing Marine Laboratories, 1996. BS Physics, Stanford University 1988.

Farley Shane: Mechanical Engineer, Dorado and ALTEX. Twenty years of ocean engineering experience including sub-system design for a scientific ROVs and AUVs; design, fabrication, and testing of underwater tools and vehicles: logistical support of and participation in at-sea operations. Education: B.S. Ocean Engineering, California State University at Long Beach, 1982

The FCT team of engineers dedicated to the AUV consists of the following personnel:

Dr. John H. Stannard:  President, FCT.  Responsible for overall operation of the company including project engineering, R&D, marketing and annual budgets and staffing. Previously responsible for the overall design, development and sea trial test of underwater propulsion systems and the 6 kW Reserve Power Unit. Education: McMaster University, Ontario, Canada, Ph.D. Mechanical Engineering, 1975. Southampton University, UK, M.Sc., High Speed Flow & Gas Dynamics, 1972. Southampton University, UK - B.Sc., Aeronautical Engineering, (Honours), 1969

Micheal J. Adams: Senior Program Manager, FCT. Senior Program Manager, FCT.  Responsible for the management of all FCT R&D projects as well as for market development for the aluminum energy systems. Previously responsible for the management of the Information Technology program at SAIC Canada, as well as the engineering services program to the Department of National Defence.  Education:M.Eng (Elec), Royal Military College, Kingston, Ontario, 1986. B.Sc. (Mech Eng), University of Manitoba, Winnipeg, Manitoba, 1979. 
Tomas Konvalina: Lead Engineer, FCT. Responsible for design, development, testing, and production of underwater Aluminum/Hydrogen Peroxide (Al/H2O2) fuel cell.  Altex (Atlantic Layer Tracking Experiment) fuel cell to propel AUV under the Arctic ice cap for up to 1000 km (200 hours) at depths up to 4500 meters. Education: B.Sc., App lied Science, Mech Eng., Queen’s University, Kingston, Ontario. 

5.2            Partnering Arrangements

MBARI has signed a contract with first right of refusal for Bluefin Robotics,  resulting in the sale of MBARI technology to the Navy on the BPAUV system. 

5.3          Participation

MBARI has internal programs funded through the Packard Foundation that have resulted in the development of the ALTEX AUV. The MBARI Ocean Observatory System (MOOS) is also a contributor to the MBARI AUV program in the areas of power and at sea docking.  MBARI is also involved with FCT in the ALTEX project and the development of the previous generation of fuel cell technology.  

FCT is currently in the process of acquiring additional funding, in the form of 50/50 cost sharing, from the Canadian Department of National Defence’s Defence Industrial Research (DIR) Program towards continuation of the ALTEX project which provides the technology base for the overall proposed program.  

5.4          Other Relevant Projects

MBARI has collaborated with FCT for the National Ocean Partnership Program who provided the funding necessary to initiate the multi-disciplinary and multi-institutional development project that resulted in the ALTEX AUV under contract N00014-98-1-0814, administered by the Office of Naval Research. The ALTEX development is currently being supported by the National Science Foundation under grant number OPP-9910290.

In addition, FCT has submitted an aluminum energy system proposal (for the SF-40 system) to Bluefin Robotics, as part of their submission to the Office of Naval Research Broad Agency Announcement 01-012 - DEMONSTRATION OF UNDERSEA, AUTONOMOUS, OPERATION CAPABILITIES AND RELATED TECHNOLOGY DEVELOPMENT for the Undersea Search & Survey and Communications/Navigation Aid missions

6.0  COST INFORMATION

The following cost and schedule estimates are based on the assumption that any contract awarded will be on a best-effort basis, utilizing a “Time and Materials with fixed fee”  Contractual Format.

The development of the EAAUV is estimated to cost $ 2,487,104 over a period of 18 months.  Supporting Cost data is as follows:


Table 6 – Cost Breakdown, by FY

Table 7 – Labour Cost Breakdown, by Statement of Work Tasks


Table 8 – Material Costs Schedule


Table 9 – Travel Cost Schedule

Payment Schedule:  
Monthly Invoices

Kick-Off payment:
10%




Cost Estimate by FY




FY02
FY03
TOTALs

Labor

Rate
Hours
 
Hours
 



Program Manager
 $   60.00 
500
 $         0,000 
       250 
 $     15,000 



Lead Engineer
 $   55.00 
1,000
 $       55,000 
       500
 $     27,500



Electrical Engineer
 $   40.00 
1,500
 $       60,000 
       500 
 $     20,000



Software Engineer
 $   45.00 
1,500
 $       67,500
       700 
 $     31,500 



Project Technician
 $   35.00 
750
 $       26,250 
       250 
 $       8,750 



AUV Tech
 $   35.00 
750
 $       26,250 
       250 
 $       8,750 


Sub-TOTAL


6,000
 $     265,000
    2,450 
 $   111,500 


Fringe = 46.84%

Indirect = 45%
113%

 
 $     299,233 
 
 $  125,904 
 

Labor Total
 
 
 
 $     564,233 
 
 $  237,404 
 $      801,637 

Material
(see Table 5)
 
 $       55,500 

 $    20,000 
 $        75,500

Travel
(see Table 6)
 
 $       79,936
 
 $    71,600 
 $      151,536

FCT 
(see section 7.0) 


 $     925,693

 $  430,572
 $   1,356,265

Sub-TOTAL


 
 $  1,625,362
 
 $  759,576 
 $   2,384,938

G&A (excluding FCT) 
45%
 
 
 $       60,946 
 
 $    41,220
 $      102,166

Sub-TOTAL


 
 $  1,686,308 
 
 $  800,796 
 $   2,487,104

Fee/Profit
0%
 
 
 $                0
 
 $             0 
 $                 0 

TOTAL
 
 
 
 $  1,686,308 
 
 $  800,796
 $   2,487,104 

Table 6 – Cost Estimate for the Development of the EAAUV
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Material Cost Schedule



Unit cost

Total
Estimate Basis

Actuators
Motors
 $      175.00 
4
 $      700.00 
past invoice


Housings
 $      150.00 
4
 $      600.00 
engineering estimate


Electronics
 $      200.00 
2
 $      400.00 
past invoice


Mechanicals
 $      500.00
4
 $     2000.00
engineering estimate


Sub Total 
 $           -   

 $     3,700.00 


Main Vehicle
Processor
 $     600.00 
4
 $     1200.00 
past invoice

Computer
Boards
 $       80.00 
4
 $       320.00 
past invoice


Power Supplies
 $     120.00 
4
 $       480.00 
past invoice


Wiring
 $       25.00 
4
 $       100.00 
engineering estimate


Stack 
 $     200.00 
4
 $       800.00 
engineering estimate


Misc
 $     300.00 
1
 $       300.00 
engineering estimate


Sub Total
 $           -   

 $     3,200.00 


Propulsion
Motors
 $  1,500.00 
3
 $      4500.00 
engineering estimate


Boards
 $     200.00 
3
 $        600.00 
engineering estimate


Power Supplies
 $     250.00 
3
 $        750.00 
engineering estimate


Cabling etc
 $     150.00 
3
 $        450.00
engineering estimate


Housing
 $  2,000.00 
2
 $      4,000.00 
engineering estimate


Seals
 $     150.00 
6
 $        900.00 
past invoice


Gearbox
 $     400.00
1
 $        400.00 
past invoice


Contingency
 $  4,000.00 
1
 $     4,000.00 
engineering estimate


Total System


 $    15,600.00 


Ship Costs    
5 sea trips - 4 at 5 days 
 $  48,000.00
1
 $    48,000.00
past invoice


1 at 10 days (1600/day)



















Material Summary
EAAUV System minus Fuel Cell








Cost


Two system + test rigs
2 tail section modifications - one dyno test propulsion - 2 Main Vehicle Computers + 2 bench set-ups for development 
 
          $  22,500.00


Consumables
Expendables -
Plus ship time 
          $  53,000.00 




Materials Total
          $  75,500.00


Table 8 – Material Cost EAAUV Upgrades Minus Fuel Cell Section

Travel Estimate

Air Fare
$    1,700.00
$       1,800.00

Per Diem
$      266.00
$          266.00






FY 02
FY 03

Number of trips
5  (FCT for Design Review Meetings) - 2 to ONR for reviews - 1 to Oceans or similar conference
2  (FCT for Design Review Meetings)   - 1 trip to ONR on project update - 2 trips to conferences for presentation 

Number of attendees
4 
5 

Number of days/trip
3
4



 

Cost
$  79,936.00
$  71,600.00



Table 9 – Travel Costs Schedule for EAAUV Project

7.0  Semi-Fuel Cell COST INFORMATION

The following cost and schedule estimates are based on the assumption that any contract awarded will be on a best-effort basis, utilizing a “Time and Materials with fixed fee”  Contractual Format.

The Development of the SM-80 is estimated to cost $ 1,356,265 over a period of 18 months.  Supporting Cost data is as follows:


Table 10 – Cost Breakdown, by FY

Table 11– Labour Cost Breakdown, by Statement of Work Tasks


Table 12 – Material Costs Schedule


Table 13 – Travel Cost Schedule

Payment Schedule:  
Monthly Invoices

Kick-Off payment:
10%




Cost Estimate by FY




FY02
FY03
TOTALs

Labour

Rate
Hours
 
Hours
 



Program Manager
 $   35.00 
1,044
 $   36,540 
       612 
 $   21,420 



Lead Engineer
 $   25.00 
2,136
 $   53,400 
    1,056 
 $   26,400 



Senior Scientist
 $   30.00 
2,136
 $   64,080 
       296 
 $     8,880 



Project Engineer
 $   25.00 
2,136
 $   53,400 
    1,056 
 $   26,400 



Project Technician
 $   20.00 
2,088
 $   41,760 
       728 
 $   14,560 



Software
 $   30.00 
1,044
 $   31,320 
       328 
 $     9,840 


Sub-total


10,584
 $  280,500 
    4,076 
 $ 107,500 


O/H + Fringe
117%

 
 $  328,185 
 
 $ 125,775 
 

Labour Total
 
 
 
 $  608,685 
 
 $ 233,275 
 $      841,960 

Material
(see Table 5)
 
 $  140,800 

 $   47,547 
 $      188,347

Travel
(see Table 6)
 
 $   37,000 
 
 $   85,000 
 $      122,000

Sub-TOTAL


 
 $  786,485 
 
 $ 365,822 


G&A
7%
 
 
 $   55,054 
 
 $   25,608 
 $        80,661 

Sub-TOTAL


 
 $  841,539 
 
 $ 391,429 


Fee/Profit
10%
 
 
 $   84,154 
 
 $   39,143 
 $      123,297 

TOTAL
 
 
 
 $  925,693 
 
 $ 430,572 
 $   1,356,265 

Table 10 – Cost Estimate for the Development of the SM-80

 Labour Cost Estimate, by Statement of Work Tasks

Work Task
Hours
Cost

TOTAL LABOUR
14,660 hrs
$841,960 

Program Management
2,288 hrs
$160,702 

Development Phase
9,292 hrs
$520,681 


Software
1,372 hrs
$89,303 


Core Science
2,560 hrs
$138,874 



Hydrogen Peroxide System
640 hrs
$34,718 



Solids Management Optimization
1,920 hrs
$104,155 


Stack
2,400 hrs
$130,194 



Cell Flow Optimization
640 hrs
$34,718 



Cathode power take-off Optimization
160 hrs
$8,680 



Anode power take-off Optimization
160 hrs
$8,680 



Cell Sealing Optimization
320 hrs
$17,359 



Composite material Optimization
640 hrs
$34,718 



Membrane Optimization
480 hrs
$26,039 


Ancillaries
1,920 hrs
$104,155 



Pump Optimization
800 hrs
$43,398 



Bag tank Optimization
640 hrs
$34,718 



Electronics packaging Optimization
480 hrs
$26,039 


Refuelling
320 hrs
$17,359 


Neutralizing
320 hrs
$17,359 


Logistics Support Development
400 hrs
$23,436 

Pool Trials
1,280 hrs
$69,437 

Sea Trials
1,800 hrs
$91,140 

Table 11 – Labour Estimate by Statement of Work Task

Material Cost Schedule



Unit cost

Total
Estimate Basis

Cell
Anode
 $      46.67 
1
 $      46.67 
engineering estimate


Cell Frame
 $      40.00 
2
 $      80.00 
past invoice


Elec & Diode
 $      13.33 
1
 $      13.33 
past invoice


Mechanical
 $        6.67 
1
 $        6.67 
engineering estimate


Cell Cost
 $           -   

 $     176.67 


Stack
End Plates
 $     333.33 
2
 $     666.67 
past invoice


Thru Bolts
 $      20.00 
12
 $     240.00 
past invoice


Gaskets
 $      10.00 
42
 $     420.00 
past invoice


Membranes
 $      16.67 
42
 $     700.00 
past invoice


Stack Manifold
 $     200.00 
1
 $     200.00 
engineering estimate


Misc
 $     666.67 
1
 $     666.67 
engineering estimate


Cells
 $     176.67 
21
 $  3,920.00 



Stack Cost
 $           -   

 $  6,813.33 


FC System
Instrumentation
 $  2,333.33 
1
 $  2,333.33 
engineering estimate


Pressure Spheres
 $  3,000.00 
2
 $  6,000.00 
past invoice


Controllers
 $  4,333.33 
1
 $  4,333.33 
engineering estimate


Cabling etc
 $     333.33 
1
 $     333.33 
engineering estimate


Raw Materials
 $  2,000.00 
1
 $  2,000.00 
engineering estimate


Pumps
 $  1,066.67 
3
 $  3,200.00 
past invoice


Piping
 $  1,466.67 
1
 $  1,466.67 
engineering estimate


Bag Tanks
 $  8,000.00 
1
 $  8,000.00 
engineering estimate


Valves
 $     666.67 
2
 $  1,333.33 
engineering estimate


Contingency
 $  4,000.00 
1
 $  4,000.00 
engineering estimate


Total System


 $33,000.00 


Material Summary


FY02
FY03


QTY
Cost
QTY
Cost

FC System
2
 $  66,000.00 

 

Stack
10
 $  68,133.33 
6
 $  40,880.00 

Consumables

 $    6,666.67 

 $    6,666.67 

Material Cost
$140,800.00
 
 $  47,546.67

Table 12 – Material Cost Schedule for SM-80

Travel Estimate

Air Fare
$    1,666.67


Per Diem
$      266.67







FY 02
FY 03

Number of trips
5  (MBARI for Progress Review Meetings)
5  (Sea Trials – MBARI)

Number of attendees
3
3

Number of days/trip
3
15



 

Cost
$  37,000.00
$  85,000.00

Note:  Any additional travel required will be reimbursable at cost.



Table 13 – Travel Costs Schedule for SM-80 Project
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Figure 9 - MBARI Engineering Organization
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i 	The “SM” designation refers to the fact that the system being offered in this proposal is a “Solids-Managed” system, as opposed to a “Solids-Free” system.  Please refer to Section 2.2 for the technical details.
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Figure 3: Fuel Cell Schematic
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Figure 2. 












