AUtonomous Underwater vehicles

An Autonomous Underwater Vehicle, or AUV, is an uncrewed, untethered, underwater vehicle capable of self-propulsion.  Such vehicles are mobile instrumentation platforms that have actuators, sensors, and on-board intelligence to successfully complete survey and sampling type tasks with little or no human supervision.  A large number of AUVs have been developed, ranging in dry weights from less than 50 kg to nearly 9000 kg.   In the last several years, acceptance of AUVs for oceanographic, commercial, and military missions has risen dramatically, leading to a sharp rise in AUV operations.

By far the most common AUV configuration is as a torpedo-like vehicle, consisting of a streamlined body with propeller and control surfaces at the stern.  Operational speeds for such vehicles range from 0.5 to 5 meters per second, with most vehicle operating at a top speed of 1.5 meters per second.  In order to remain controllable, torpedo-like AUVs must move forward at some minimum speed in order to maintain flow over control surfaces, and therefore are not capable of station keeping.  A higher degree of control over vehicle attitude and trajectory, including station-keeping capability is provided by vehicles with multiple thrusters.  These AUVs obtain greater maneuverability, but at a cost of reduced range.  

A new class of AUV is capable of changing its buoyancy to generate vertical motion, and using wings to change.  Such vehicles are referred to as gliders, and are theoretically capable of carrying limited payloads for periods up to a year.  Gliders constructed to date are Although the first operations of gliders in the field is very recent – in the last two years – their long endurance and small 

The first AUV was built at the Applied Physics Laboratory at University of Washington in 1963 for oceanographic applications.  However, only in the last several years have AUVs reached a level of maturity .  Present AUVs have been developed to satisfy a range of applications, although the two most visible are deep site survey for the oil and gas industry and shallow water mine hunting for the military.  Military applications of AUV are dominated by the mine countermeasures problem, particularly in shallow water.  

There are a number of acronyms used to describe underwater vehicles, and brief description is in order.  An ROV is a Remotely Operated Vehicle, and is controlled and powered via a tether.  The term UUV is employed by the US Navy to refer to “Unmanned Underwater Vehicles.” This usage encompasses both ROVs and AUVs, but is most frequently used to refer to an AUV.  Occasionally the acronym UUV is used for “Untethered Underwater Vehicle,” to describe systems that, while untethered, still require a human operator to complete missions.  When this usage of UUV is employed, the meaning of AUV is refined to describe a vehicle capable of completing missions independently.  For the following discussion, the more common usage of AUV outlined initially will be employed.

However, it is safe to generalize that the military vehicles are very large (the Draper DARPA vehicle has a dry weight of 6800 kg) and employ large and expensive sensor suites.  Consequently, it is not clear that the military work will be adaptable to commercial or scientific applications where economic considerations are paramount.    Military vehicle work represents the bulk of research in the US, while other countries have chosen to focus on either commercial or oceanographic type vehicles.  

To summarize the general status of AUV technology with respect to nonmilitary utilization: there are specific science missions for which AUVs are the most attractive technology.  It is important to note that AUVs are in their infancy, and consequently their real strengths have probably yet to be discovered.  AUVs are not likely to replace manned submersibles or unmanned tethered vehicles in the near future, rather they will make possible whole new realms of activity.

Example Application:  Deep-water Survey Operations

Deep-water surveys are one important application for which AUVs are gaining attention, primarily for economic reasons.   In operations below 1000 meters, the tether dominates the dynamics of a towed system, greatly reducing speed and maneuverability.  AUV survey rates at 3000 meters can be two to four times greater than deep-towed systems.  Not only are AUV cruising speeds two to three times faster than typical deep-tow speeds, but the lengthy process of turning a deep-tow system for multiple passes across a survey site are completely eliminated.  Turning a ship with towed system at the end of several kilometers of cable can take many hours, during which time the system is completely unproductive.  

AUVs can also provide much higher data quality.  For many sonar systems, mapping quality is a function of the stability of the platform and the ability of the platform to maintain constant altitude over the bottom with high fidelity. The tether in a deep-towed system not only makes flying precise trajectories highly demanding, it also can couple in motion from the surface vessel to the towed body, especially in rough weather.  AUVs are attractive in that they can provide a stable survey platform, while at the same time offering increased maneuverability for bottom following and avoidance.

Under some circumstances, AUV operations can lead to a reduction in the number of ships required for a survey. For many commercial deep-tow operations, two ships are employed, one for towing, and one for determining the position of the tow-body.   The second ship is required because the drag of the cable can result in the tow-body lagging many kilometers behind the towing ship, especially as the towing speeds increase.  This in turn means that acoustic tracking systems used to determine the position of the tow-body relative to the ship cannot be used effectively by the towing ship, thus requiring a second ship to maintain station above the tow fish for optimal tracking.  For AUV operations there is no tether constraining the location of the AUV support vessel and thus the same ship can provide tracking.

A final attractive feature of AUVs is the potential for multiple vehicle surveys.  While multiple vehicle operations have been limited to shallow water thus far, the potential for multiplying survey rates by employing two or more AUVs is especially attractive for abyssal operations.  This is not an option for deep-tow systems.

AUV TECHNOLOGIES OVERVIEW

Control:

Control of AUVs can be roughly divided into three levels: dynamic control, task control, and mission control.  These refer respectively to the processes of controlling vehicle attitude and position, of achieving specific tasks, and of achieving a series of tasks as part of a more complex mission.  For fully autonomous systems, the onboard computer must achieve all of these.  When acoustic communications are available, hybrid control techniques can also be used, referred to as supervisory control.  While control remains an active area of research, the present state-of-art provides the ability to perform a wide variety of survey missions.

At present, AUVs are generally capable of conducting missions involving flying specified trajectories through space.  The trajectories might be very simple – a straight line, for instance – or might involve a length sequence of tracklines, waypoints, and depth excursions. For flight profiles that approach the bottom, AUVs are capable of using sonar to follow terrain at constant altitude and avoid bottom collisions.  The ability of a specific vehicle to operate near the bottom depends on the bottom relief, the maneuverability of the vehicle, and the bottom sensing capabilities of the vehicle.  In general, operation near-bottom in regions with cliffs or escarpments is very difficult with the current state of the art.

Adaptive sampling and docking are example sof a more sophisticated AUV capabilities.  Adaptive sampling refers to 

In contrast to many land robot applications, in which robots are dedicated to a single application, AUVs are typically expected to be highly mission reconfigurable. The need for flexibility ranges from conducting different flight profiles with the same sensor suite, to changing sensor suites on the vehicle.  The 

Failure detection and recovery is both highly demanding and extremely important.  Failure of individual vehicle components, for example the main propulsion system, can have consequenses ranging from cutting a mission short to loss of a vehicle, depending on how the failure is handled. Explicit incorporation of algorithms for managing the vehicle with reduced capabilities.  Clearly, docking an injured vehicle so as to secure it for recovery must be the highest priority.  However, not only must failures of subsystems be detected and surmounted, but failures of a more global nature must be handled as well.  For example, rendezvous and docking of the vehicle with the moored station will not always be successful the first time.  Consequently, methods to detect and recover from failed docking attempts must be integral parts of the overall rendezvous and docking strategy.

Navigation

There is no single navigation system that solves all, or even the majority, of navigation demands for AUV operations.  Consequently, a variety of navigation methods have been developed each satisfying certain classes of missions.  These techniques can be grouped into three general categories: inertial, long-baseline, and ship-tracked navigation.  There are other methods under development or used under special conditions, such as feature-relative navigation, however the bulk of AUV operations employ some combination of the mentioned three.

Inertial navigation is used primarily on larger, more expensive AUVs, although continued development promises to make.  Usually the navigation suite consists of an inertial navigation system (INS), a velocity sensor, and a Global Positioning System (GPS) receiver.  The GPS is required to initialize the navigation system, and for position determination when the AUV is on the surface.  While very high performance inertial navigation systems exist, those appropriate for AUVs are limited in performance to position drift rates on the order of several kilometers per hour in absence of other navigation aids. Substantial improvement in performance can be achieved by providing an earth-relative velocity estimate to the INS.  Doppler sonar navigation schemes use a multiple beam arrangement to measure the velocity components relative to an acoustic  scatterer, typically the ocean bottom.  Assuming an accurate compass, position errors (relative to the initial position) are less than 0.1% of distance traveled.  Correlation logs are an alternative to Doppler logs for acoustically measuring speed.  Correlation logs typically operate at low frequencies compared to Doppler navigation systems, and consequently are capable of operation at larger distances from the acoustic scattering surface.  Accuracy’s comparable to Doppler logs can be obtained.

Long baseline tracking systems typically use a widely separated array of transponders or synchronized pingers which are interrogated or detected by the vehicle.  Position accuracy on the order of a meter is achievable (a 2 cm accuracy is claimed for the SHARPS system over a range of 100 m).  One important requirement of long baseline implementations is that the positions of the elements of the array must be known to an accuracy better than the desired accuracy of the system.  Disadvantages of LBL navigation is that one is limited to 

Ship-tracked methods use a surface vessel to monitor the position of the AUV.  The ship is Both SBL and USBL systems are used to measure the direction of propagation and the time of arrival of acoustic signals.  Short baseline systems achieve this by measuring the time of arrival of a pulse at hydrophones separated by a meter or more.  Ultrashort baseline systems measure the phase difference of the acoustic wave at hydrophones separated by distances on the order of centimeters.  USBL systems have typically been developed to be mounted on a ship and used for tracking an underwater vehicle (Jacobsen, 1985; Elliot, 1984).  Typical accuracies for commercial systems are on the order of a meter in range and a degree in relative bearing.

Communication

Communication with submerged vehicles from the surface or shore is a difficult technical problem.  For the case of small AUVs, the options are:  surfacing the vehicle for radio communication, or through-water communication with a nearby ship or buoy.  Surfacing is not attractive since it requires the vehicles to transit to the surface (a relatively hazardous environment) and carry the required radio/satellite communication equipment.  Table II, taken from (Dunbar et. al., 1990) outlines existing underwater communications technologies.
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[image: image4.wmf]While acoustic communication is attractive for the prospect of long range communication, the time lag introduced by the speed of sound in water complicates real-time control of vehicles.  A vehicle at a distance of 10 km requires 8.8 seconds for round-trip communication.  Thus even with high data rates, the vehicle software should be sufficiently intelligent that only relatively high level commands are necessary.  Low level functions, such as avoiding obstacles, should be handled by the vehicle.

Efficient Propulsion

Typically propulsion consumes a large fraction of the power required to operate an AUV.  Thus efficient propulsion is an enabling technology for long endurance vehicles.  Building a low drag fairing is one step towards an efficient vehicle.  A high performance propellor matched to the drag of the vehicle is also necessary.  Typical submersible propulsion systems lose efficiency to the following processes:  electrical motor losses, gearbox inefficiency, shaft seal friction, viscous losses, and hydrodynamic inefficiency of the propellor.  For deep operation thrusters are operated immersed in oil for pressure compensation, leading to increased viscous losses.  Efficiency in excess of 60%, as measured by (hull drag x velocity)/(power to propulsion system), would be considered excellent performance by todays standards.  A thruster for a small electric ROV might typically have a peak performance of 20%.

Although usually treated separately, the performance of the propellor and the hydrodynamic characteristics of the submersible hull are not decoupled.  By placing a propellor in the wake created by the hull, significant increases in efficiency are realized.  Advanced propulsion techniques with flapping foils in which the vehicle body dynamically interacts with the fin are the subject of research (Triantafyllou, 1991).   

Maneuverability is a second consideration in choice of a thruster technology.  For some missions a higher degree of control authority might be required, for example, to station-keep.  The usual method by which this is achieved is to mount a large number of thrusters on a vehicle.  This is unattractive because the additional thrusters add drag and weight to the vehicle.  An alternative is to use propellor designs in which collective and cyclic pitch of propellor blades are controlled (Haselton and Goode, 1990).  When mounted on opposite ends of a cylindrical vehicle, as in the Scorpio Scout (Busby, 1990), six degree of freedom control is possible while at the same time retaining the potential for efficient cruising operation.

Energy Storage

For energy storage, a large number of battery technologies are available.  Criteria for choosing an energy storage medium include the following:

	•
Energy capacity (W-hr/kg)
	High numbers are extremely important since available energy ultimately limits the endurance of a given vehicle.

	•
Power delivery (W/kg)
	Large energy capacity is useless unless the energy storage system delivers power at required levels.

	•
Outgassing properties
	Don't want a mix of explosive gases in a closed container.  Outgassing of gases like hydrogen can occur either during discharge or during recharge depending on the system.

	•
Failure modes
	Batteries with catastrophic failure modes are unattractive (e.g. thermal runaway).

	•
Rechargeable
	Distribution of battery costs over many missions is attractive.

	•
Ease of recharge
	Fast recharge capability with simple equipment is desirable.  

	•
Effects of high/low temperature
	Operation at 0° C without losing significant battery capacity is attractive.


Lead-acid, alkaline cells and Lithium-Bromine cells are good examples of systems available off-the-shelf.  Lead acid cells are the lowest energy density, but are rechargeable when at atmospheric pressure.  There are serious difficulties with charging batteries at depth and this cannot be considered state-of-the-art today.  A table of some commercially available systems is given in below:

Table III:  Commercially Available Batteries

	Chemistry
	Manufacturer
	Battery
	Energy Dens. W-hr/kg

	Lithium-Thionyl Chloride (p)
	BEI
	33-127(DD)
	395

	Lithium-Manganese Dioxide (p)
	Sanyo
	CR23500SE
	357

	Lithium-Oxyhalide (p)
	Electrochem
	3B766
	341

	Lithium-Sulfur Dioxide (p)
	Ballard
	Ballard "D" Cell
	250

	Alkaline-Manganese Dioxide (p)
	Duracell
	MN1300
	129

	Silver-Zinc (s)
	Whittaker
	LR-12
	112

	Silver-Cadmium (s)
	Whittaker
	YS16(S)
	49

	Nickel-Cadmium (s)
	Sanyo
	KR-20000M
	44

	Lead-Acid (s)
	Yuasa
	NP 65-12
	34


A number of other energy storage systems might also be candidates, although more complex systems like fuel cells might not be appropriate for small, inexpensive AUVs.  The ability to operate and recharge various systems at ambient abyssal pressure is attractive.

Low Power Subsystems

Hotel load is used here to describe power used by the vehicle for functions other than propulsion.  Great benefit is obtained by minimizing the hotel load, thus significant research and development effort should be deployed to minimize power use by vehicle subsystems (Bradley, private communication).  Computers, obstacle sonar, altimeter sonar, payload sensors, and fin actuators are all systems that would contribute to hotel load.  

For a given energy storage system, hotel load, and propulsion efficiency, the critical design issue is the trade-off between size, speed and range.  Figure 1 and 2 show the range versus speed curves for the MIT Sea Grant vehicle, Odyssey.  Curves for hotel loads of 10, 40, and 160 W are given.  Note that as hotel load reduces, the maximum range is achieved at lower speed.

subsystems optimized for low power.  

Weight-Efficient Buoyancy at Depth

Submersibles should be designed for neutral buoyancy to minimize energy expended maintaining or changing depth.  Since most materials used in the construction of an AUV have specific gravities greater than one, it is necessary to add components less dense than water.  Syntactic foam, which is composed of glass microspheres embedded in epoxy, is commonly used to add buoyancy.  However, foam rated to a depth of 6000 m will typically have a specific gravity of about 0.6, meaning that for every kilogram of lift, 1.5 kg of weight must be added to the vehicle.  Since the objective is to build small, easy to handle vehicles, methods of obtaining buoyancy without incurring a substantial weight penalty are highly attractive. 

An alternative to syntactic foam is to employ pressure housings which have a net buoyancy, since these housing will be required for many of the electronic subsystems in any case.  The table below outlines weight-to-buoyancy ratios for various building materials.   

Composite materials, for example carbon fiber-epoxy, have been used to build pressure housings for deep ocean vehicles (Walton, 1991).  However technical problems associated with fabrication provide an active area of research.  Construction of feed-throughs remains an unsolved problem, as does repair of damaged composite housings.

Modularity:  

To keep costs low and vehicle reliability high, a modular design strategy should be used.  Modularity is more important with respect to electronics and "intelligence" than for physical layout.  For example, it would be counter-productive to house electronic subsystems in separate pressure modules for the sake of ease of reconfiguration since this would drastically increase vehicle size.  However, electronic subsystems should be constructed to be as "stand alone" as possible.   Thus a subsystem should have its own limited processor, be capable of running diagnostics, and be interfaced to the main vehicle computer via some standard interface.  Subsystems should definitely be capable of detecting an internal failure and should ideally be able to monitor their own overall health so that reliability can be quantified and failures anticipated.  Since these requirements are more stringent than are usually imposed on systems employed in unmanned vehicles, such systems are typically not commercially available.  
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