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ABSTRACT

The Monterey Bay Aquarium Research Institute (MBARI) is currently developing new Autonomous Unmanned Vehicles (called Dorado) for research and science at the institute. To accomplish this MBARI has teamed with the Massachusetts Institute of Technology Sea Grant AUV Lab (and others) as part of a much larger effort. Within that effort MBARI developed the concept of a ducted control surface in place of fins and a ducted propeller to increase survivability for long range missions. 

MBARI, in conjunction with MIT, has developed, built, and is currently testing a novel integrated control surface and propulsion system, referred to as the “Tailcone”, for their new class of Autonomous Underwater Vehicle. MBARI designed the actuators, controls, electronics, and software for the system while MIT designed the thruster duct and matching propeller. The components have been integrated and the system is being tested with promising results based on early data. This paper will outline the design concept, construction, and test results of the Dorado vehicle using the Tailcone. 

INTRODUCTION

MBARI engineers designed the Dorado Tailcone with a specific purpose in mind. That purpose was to support the development of a new Autonomous Underwater Vehicle (AUV) by providing an efficient, robust propulsion and steering mechanism design. Meeting the requirements would enable the propulsion and control surfaces to successfully complete long missions and survive possible collisions during launch, recovery, or while underway.  In the past, most AUVs have used fins to control heading and elevation. While these provide an effective means of steerage, they are highly subject to damage during launch and recovery. The same concerns about damage are also true for some missions such as working under ice or in a canyon area. Damage to the propulsion mechanism or control surfaces would result in disabling the vehicle and a failure to complete the mission. These failures often result in unacceptably high costs due to lost mission data beyond the personnel and ship time along with hardware repair costs. 

Keeping the wide variety of functional requirements in mind, the MBARI/MIT Tailcone design is employs an articulating ducted propeller providing excellent steerage and high propulsion efficiency in a robust package.  The following text describes the Tailcone specifications and assumptions, selected components, design approach, assembly and subassembly design and description, subsystem tests, cruise results, and remaining issues.

SPECIFICATION


The functional requirement for the Tailcone was to provide efficient propulsion at 3 knots but to have 4 knot capability. Additionally, the goal was to meet or exceed the capabilities of current fin type controls and propulsion with a more robust design having the same turn radius and control characteristics. As a baseline the MIT-Sea Grant Odyssey IIB was selected as the comparative platform for fin and propulsion.

The Odyssey IIB AUV uses the typical configuration of control fins that are vulnerable in launch and recovery. This vulnerability could be addressed by a number of approaches, such as a dedicated handling system, but the additional requirement for the system to support launch and recovery on a variety of platforms makes that a difficult challenge. The same basic condition surrounded the other aspects of the functional specification. The decision was to not only address the Tailcone as one part of the system but as a failure point to be corrected regardless of other enhancements and to make the system easily maintainable by implementing modularity whenever possible. 

Extending the functional specifications into an engineering specification the following criteria were stated as requirements for the Tailcone design:

· Minimum plus/minus 15 degree range of control surface movement in elevation and azimuth 

· Actuator mechanism must self zero

· Control surfaces are not back-driveable 

· Actuator induced torque of at least 5 Nm

· Duct angular accuracy of at least 0.5 degrees
· Robust design, capable of  sustaining a high impact during launch and recovery

· Must be field serviceable

· Diameter maximum - 21.0 inches

· Vehicle speed: 3 knots avg.(1.5 m/sec),  4 knots max 

· Depth rating : 4500 m - 6600 psi 

· Neutrally buoyant
· Operate at 24 volts dc at approximately 150 watts for propulsion and control. 

· Turn radius of 4 times vehicle length

· Tailcone assembly shall extend no further forward than 23” forward of the 8” diameter point of the hull, based on a standard Gertler Series body. 

The specifications outlined above were the starting point of the systems engineering design. The design process and systems analysis led to other engineering driven specifications. The most prominent was the need to use pressure tolerant electronics in order to meet the weight requirements. This led to a pressure compensator to provide the 2-5 psig needed for the electronics and drive motor housings.
HYDRODYNAMIC DESIGN

For most AUV applications, a vehicle design that exhibits low resistance and efficient propulsion is of paramount importance. Therefore the Tailcone design was based on that assumption. The Tailcone is still intended to be workable for a wide variety of AUV systems that fit the basic parameters of a 21inch diameter with relatively high efficiency. Variables in length were used however to extrapolate the ability of the Tailcone to control a modular vehicle system. 

Another important hydrodynamic concern is that the vehicle should have passive stability at cruise speed. Otherwise a great deal of energy and computational resources would be used maintaining straight and level flight. In contrast it is also a requirement to have a high degree of maneuverability. These objectives had to be balanced against all the other design criteria, such as packaging and structural efficiencies, modularity, and field serviceability. Our response to this design challenge can be seen in the rotational ducted propulsion/control module, that efficiently packages a large amount of lifting surface area in a small volume.
In the following section a description is given of the process used for predicting the hydrodynamic properties of a vehicle. Extensive computer analyses and model testing was beyond our budget and schedule. Most quantities had to be estimated using published results for similar shapes or hand techniques, such as strip theory, with some discretion. Initial field test data indicates that this approach has worked well and that we have met our initial performance goals. 

Hydrodynamic resistance was the initial focus in the Tailcone development. To begin with, this maginitude was required to confidently estimate the vehicle's drag coefficient, Cd, so that the propulsion system design could proceed, and a power budget established.  Brooks and Lang (1967) was used as the base input from their experimental results and developed empirical drag coefficient values for torpedoes of different lengths, nose and tail taper. With their method it was decided to use a baseline drag coefficient of 0.11 (based on frontal area) for our calculation needs. In addition, we added the contribution from panel seams, openings, fasteners, surface roughness, appendages, angle of attack, additional tail fin area, and propeller interaction, based mainly on results from Hoerner (1958). To conservatively account for errors and future design modifications, we estimated a total Cd of 0.19. At a cruise speed of 1.5 m/s this implies a drag force of 52 N and resulting power of 78W. 

CONTROL AND STABILITY

The governing equations for the vehicle dynamics in steady forward cruise can be found in Gertler (1967). A subset of these can be used to determine the steady state turn performance in the horizontal plane. Using results for hydrodynamic forces on torpedo and air ship bodies from Landweber(1951), Hoerner(1985), Allen(1951), Milewski(1997), Broxmeyer(1967), the pertinent hydrodynamic properties were estimated for the vehicle. This determined the necessary rudder force and local flow angle required during a turn radius of four vehicle lengths at cruise speed. Ultimately this drove the final size of the duct and stators in the propulsor sub-assembly. 

The equations in Gertler(1967), when linearized, also provide information about the directional stability of the vehicle. The necessary steps can be found in Lewis(1988), for example. Using this analysis, we found that the tail assembly would generate enough lift to maintain stability at cruise speed, and that a disturbance in the vehicle's heading would not lead to instability.

The basic design configuration of the propulsion module was determined early in the design process, based on a number of criteria such as robustness, size, and complexity, as well as good hydrodynamic performance. An initial analysis, based on actuator disk theory (Glauert 1926) indicated that little would be gained in choosing a propulsor diameter greater than 70% of the vehicle diameter. Consequently, 15" was selected as the baseline design diameter. 

The subsequent analyses were carried out using the MIT-PLL propeller design software (Coney 1988, Kerwin 1994), which performs quick propeller calculations by modeling each blade as a collection of horse shoe vortices. Stators, ducts and hubs are represented by combinations of vortices and image vortices. Because it uses such a simple representation of the propulsor components, the method is well suited for exploring and optimizing parameters such as blade loading, RPM, diameter, and inter-component thrust distribution.  Using this tool, we determined that 300 RPM at 1.5 m/s forward speed would be close to optimal. Additional parameter studies considered the number of blades, tip gap, hub size, thrust distribution between propeller and duct. These calculations also considered the influence of assumed parameters such as inflow velocity profile, blade section drag and maximum lift coefficients. Once the calculations established a satisfactory design had been reached, the geometric parameters for the propeller and duct were incorporated in a solid computer model. The solid model was then transferred to a file format suitable for rapid prototyping. Based on the calculations it was predicted the propulsor would exceed  75% hydrodynamic efficiency when operating near its design point.

DESIGN APPROACH


One major thrust for the Tailcone design was to employee Currently Off-the-Shelf (COTS) components to greatest extent possible. The reasoning for this stemmed from maintenance and standardization concerns. The major concern in doing this was to find or qualify components that would be pressure tolerant.

The Propulsion drive motor chosen for the vehicle is an Aveox 2315 brushless DC unit controlled by an Aveox H-160 motor controller. Pulse width modulation (PWM) is achieved using a Pontech SV203 with an RS-485 interface. Brushless motors have several benefits over brushed motors. They are more efficient overall, less noisy, require little or no maintenance, and have no deterioration of performance over time. A brushed motor running in oil also causes a build-up of carbon resulting in limited life. The 2315 has a maximum power rating of 3500 watts and is capable of a maximum speed of 10,000 RPM at 65% efficiency. We are running the motor at 3,000 to 4,000 RPM, a much higher efficiency is attainable. As shown on the graph, an integrated system efficiency of 78% is achieved at 300 RPM. This includes the motor, 10:1 ratio gearbox, bearings, and friction from shaft seals.  The 300 RPM propeller speed is consistent with the concept of a relatively large diameter propellor turning slowly for higher efficiency. 

The Aveox H-160 controls power and rotational direction of the motor.  The H-160 is a 5V-40V Hall Effect sensor commutator in a three-phase configuration. Using an optically isolated low frequency signal, rotational direction and power level can be controlled using the Pulse Wave Modulated (PWM) format.  A PWM of 1.5 mS equates to no motor motion.  A PWM less than 1.5 mS applies forward motion, and a PWM greater than 1.5 mS allows for the motor to be reversed. The Pontech SV203 interface device is used to generate the required low frequency PWM waveform communicating control inputs to the Aveox H-160.

The gearbox is a CGI planetary gearhead. As stated previously, it is configured for a 10:1 gear ratio allowing an optimum efficiency (operational) propeller speed of 300 RPM with capability for 400 RPM. Weighing only one pound the gearhead is capable of delivering 130 in.-lbs. of continuous torque. This motor/gearbox combination provide an efficiency of over 90%. Backlash in the geabox is also well within acceptable limits for the system design. The units are fabricated with a multi-section stainless steel and aluminum housing.  Case   hardened   steel    planetary
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GEARHEAD PACKAGING

ring, and pinion gears will run in  Shell Tellus 22 lubrication/compensating oil. The output shaft is made of 17-4 stainless steel with 54Rc hardness for spring seal and seawater compatibility. The gearhead connects to the motor output shaft through a Pinion Shaft Collet using a rotationally balanced clamp.  The gearhead and the motor attach to an interface plate that doubles as a structurally integrated  component of the gearbox and motor housings.  This interface plate permits the motor and gearbox torque to be transferred directly into the Tailcone structure. This in turn enabled the use of light thin wall materials for the motor housing.

Linear actuators are used to impart the commanded elevation and azimuth angle of the Tailcone. The actuators selected for the first Tailcone met the COTS requirement and are manufactured by Ultra Motion. They consist of an in-line stepper motor coupled with a .083 pitch ACME lead screw driving the actuators attachment end. This configuration provides  the angular motion  required and meets the   non    back-driveable   specification. 
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COTS ACTUATOR UNMODIFIED

Additionally, the actuators positions within the Tailcone  provide the mechanical advantage needed to stay within the proscribed power allotment. Each actuator is encapsulated in an oil-filled, pressure compensated housing.  A spring loaded lip seal is used at the rod end to prevent seawater intrusion along the stainless steel shaft. One actuator is controls the elevation and the other controls azimuth for the vehicle directional control. The gimbal design for duct and propeller control allows for isolated input and therefore limited cross-coupling of input signals. The actuators are capable of working simultaneously to provide +/- 15 degrees of duct movement within a conical area.  


PRESSURE COMPENSATION

A commercially pressure compensator is used to provide pressurized oil to the Tailcone housings. The  International Submarine Engineering (ISE) spring-actuated rolling diaphragm compensator provides up to 25 cubic inches of oil at 3 to 5 psi. The common compensated pressure volume allows each element in the Tailcone to maintain a positive pressure over ambient. Additionally the minimal over-pressure system acts as a visual indicator of system integrity while the vehicle is on the deck. Should a small leak or weep occur the oil pressure also acts to mitigate water intrusion while submerged. The oil used is Shell Tellus 22, a low viscosity lubricating oil.  This oil was selected because of its material compatibility, non-conductivity, low viscosity, and temperature range.  The oil also provides lubricity to the bearings and gears in the propulsion module. Previous experience at MBARI on ROVs also supported this selection as a good working oil to begin tests with. 

MICROCONTROLLER

The microcontroller for the Tailcone is based upon the Instrument Bus Computer (IBC) format, developed at Woods Hole Oceanographic Institute and further developed by MBARI for applications in-house. The IBC system was selected because of the work previously done in pressure tolerant design on ROVs. The microcontroller for the Tailcone performs all the serial, I/O, and power switching functions. Additionally, the specification allows for using a suite of cards available at MBARI for ground fault monitoring, and future upgrades. 
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MICROCONTROLLER ASSEMBLY

This decision to use this device was made for several reasons, scheduling and experience being the over riding factors. Within the project time frame a suitable COTS device was not found however it was recognized from the start that IBC was a short-cut to get the system in the water. IBC uses a now discontinued processor, so electronics upgrades are planned for the next generation Tailcone. 

PROPELLOR / DUCTED CONTROL SURFACE

The design of the ducted control surface and propeller screw was conducted at MIT. This integrated system was chosen to enable the vehicle to have several important features. Foremost among these features is increased efficiency. A ductless propeller doesn’t have the capability of benefiting from the vectored water mass at the tip of each blade.  A ducted propeller, based on calculations, will gain a 5 to 10 percent increase in efficiency by reducing the loss of lift (Thrust) occurring at each blade tip. The duct also provides substantially more control surface area for maneuvering. The circumferential ring is hydro-dynamically shaped to optimize lift at numerous angles of

attack and eliminate tip vortices associated with fins / wing type surfaces.  The base of each duct fin is also designed with a skewing surface to counteract the torque resulting from the forces of the propeller on the water mass. This passive resistance feature assists in mitigating the need for a more complex contra-rotation system or the addition of torque resisting appendages that are more prone to damage.  

DUCT and PROPELLER

An additional genesis of the duct concept was the requirement to protect the propeller and control surfaces from damage occurring from natural and operational sources.  The duct substantially protects the propeller from entanglement by lines, seaweed, and other hazards.  The inherent strength of a ducted ring also will minimize the potential damage that can occur during launch and recovery in high sea states. 

The prop and duct were fabricated using a stereo-lithography technique to form molds. The molds were then used to cast urethane and form the complex (compound angle) shapes. This eliminated costly machining and enabled multiple parts with spares to be produced easily.
MAIN STRUCTURE

The basic frame structure of the initial prototype uses a lightweight aluminum alloy frame that acts as support frame for Tailcone. This frame was designed to take maximum actuator forces and provide the range of motion required for components. The frame has various components and sub-assemblies attached to it and is then lowered in a syntactic foam cradle. 
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The cradle is comprised of syntactic foam (4000 m rated) that was formed using the outer hull as a mold providing maximum flotation in the Tailcone. The lower foam cradle and matching upper syntactic foam cap together make the Tailcone essentially neutrally buoyant. Also attached to the cradle is the pressure compensation mechanism.
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TAILCONE ASSEMBLY ON FRAME

LAB TESTING
Dynomometer tests (see figure 7) for thrust motor/gearbox were conducted to determine efficiencies and heat buildup in the motor housing during normal operation. Seal integrity was also verified during extensive endurance tests.

Overall efficiencies of 80-85 %  were noted at nominal operating speeds as well as at higher speeds. Maximum temperatures of approximately 55 deg C were noted during nominal operation. These temperatures are expected to drop during actual operation due to surrounding seawater.

Endurance tests of 80 hours were successfully run with minimal gear wear  or seal wear. No degradation in efficiency was noted over this period. Actuator load tests were also successfully conducted using a test fixture to verify endurance, integrity of seals, and overall functionality of actuator assembly. Assembled Tailcone tests were also conducted on a test fixture to verify clearances throughout entire range of motion and general functionality.
INITIAL FIELD TESTS

Controlled measurements of propulsion performance were performed initially as a set of straight line runs with a vehicle configuration similar to the Odyssey IIB. Two different propeller speeds were used for the vehicle. The results roughly demonstrated the predicted performance (neglecting Reynolds number effects, speed is linear in RPM) with the 1.5 m/sec speed being reached at 280 RPM.  

It should be noted that the measured speeds exceed the predictions, partially due to the lower drag of the shorter vehicle used during these tests. It should also be noted that the speed was measured using ultra-short baseline (USBL) tracking. While this was a quick way to check things the USBL signal is quite noisy. This may explain an apparent non-linearity in the measured velocity when several speed points were plotted.
Initial field test data indicate that we have met our design goals for maneuverability and stability for vehicle configurations that are shorter than the ultimate length. Work is still in progress regarding dynamic simulation of vehicles of arbitrary length. Testing has progressed on longer bodies. Findings to date have shown that the Tailcone is very capable of controlling longer bodies (approximately 14' in length so far) but that Tailcone input needed to be tailored for a given length by adjusting various gains in the control loop. 

TAILCONE PERFORMANCE DETAILS

In the more traditional vehicle using fins, roll control is achieved solely by the static separation of the center-of-buoyancy and the center-of-mass.  When the vehicle is underway, the reaction torque from the motor will tend to roll the vehicle, which causes coupling of the pitch and heading control loops.  That is, with a steady-state roll angle, a heading change will also cause a pitch change.   This has be countered, to the extent possible, by ballasting the vehicle to have a static roll angle of equal size in the opposite direction.  

The new tailcone design addressed this problem by introducing pre-swirl generated by the duct into the propeller.  It was also found that the structural integrity is superior, because any impact force is now distributed among the eight stators that support the ring. This has not been tested to failure in a controlled manner as yet. 


Having the propeller located inside the duct has shown some protection is given, thus protecting it from damage.  Also, the larger propeller blades provide more reliable thrust when the vehicle is maneuvering on the surface. This was particularly noticed in tests conducted during choppy surface conditions. 

The eight stators holding the duct in place are positioned so that they have a non-zero angle-of-attack during steady straight and level flight. The stators provide the pre-swirl of input water which in turn produce a rolling moment about the vehicle centerline. The predictable rolling moment cancels the reaction torque from the motor, as it scales directly with speed. The rolling moment torque from the propeller is very predictable except for friction. However the frictional component is small and ignored, eliminating the need to ballast the vehicle with a roll offset. Also the design of this stator shape was specifically meant to interact with the fluid flow just ahead of the propeller to increase its efficiency. Preliminary speed measurements and observations are showing this design aspect to also be working effectively.

The control surface is a ring-wing (duct), and therefore has axial symmetry.  This, in combination with the gimbaled actuation mechanism, makes possible a complete, dynamic de-coupling of the heading and pitch loops.  Since the vehicle roll angle is available from the Attitude and Heading Reference System (AHRS), the control algorithm can transform the rudder and elevator commands from the vehicle reference frame to a local horizontal frame.  Consequently, rudder commands can always move the control surface in a local horizontal plane, no matter what the vehicle roll angle is. Test results are showing a much greater amount of de-coupling than previously experienced by traditional designs. 

The ring-wing produces approximately 5 times as much lift for a given angle as the fin pairs do, at the nominal speed of 3 knots.  Of course, this is a function of fin area versus ring area, among others, but the Odyssey IIB tip-to-tip fin distance is 27 inches, while the Tailcone ring diameter is less than 16 inches.  Thus the ring is more volumetrically efficient 
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The HEADING COMMAND graphic shows the Tailcone driving a vehicle of length 84 inches, and diameter 21 inches, at a speed of 2.8 knots.  The vehicle heading in the top strip, and the rudder angle in the bottom.  For a 90 Degree turn in either direction, the Tailcone deflects approximately 8 degrees. show the inertial body rates.  The bottom strip shows that the vehicle was turning at about 10 Degrees per second.

CONCLUSION

The prototype Tailcone and flotation were successfully installed in the vehicle.  Many simple missions on and below the surface were conducted to verify Tailcone control of vehicle. So far we have only attempted short duration missions at shallow depths to determine controllability of vehicle. The Tailcone has demonstrated its capability in controlling the vehicle. 

Vehicle turn radius and speed were measured and correlated quite well with expectations. The vehicle was able to dive quite easily from the surface. This had been a problem with the fin-controlled vehicles in the past. Overall vehicle control was good although occasionally erratic behavior was observed in pitch control. A longer vehicle was also tested by adding a 5 foot long parallel mid-body. The controls gains needed to be adjusted, due to the change in vehicle response to heading inputs, but satisfactory control was achieved.

The results of early tests were promising enough that the Tailcone Assembly was licensed to a commercial entity. Bluefin Robotics of Cambridge, Massachusetts entered an agreement to use the Tailcone concept as part of their vehicle development efforts. 


Bluefin successfully used the Tailcone on vehicle they call BPAUV. The BPAUV completed testing for the Navy in August of 2000. The Tailcone, although modified by Bluefin to ease manufacture and simply the overall architecture, was very successful. The same concept is now being applied to another Bluefin vehicle being designed to do detailed surveys and mapping for the oil industry. 


Several issues still remain before the Tailcone can be called a complete project. 

During some tests occasional erratic behavior in actuators was observed. Bluefin used different electronics and corrected this. 

Although the problem has been identified the correction has not been fully implemented. The MBARI/MIT team needs to investigate the position feedback by logging linear potentiometer readings in actuators as part of this correction. To increase the effciency the stepper motor driven actuators will be replaced by brushless DC motors. It is expected to yield additional energy conservation and increased control. Following the Bluefin modificaitons the metallic structural components will be replaced with lighter weight composite components for corrosion protection and weight savings. 


Overall the MBARI/MIT collaborative effort has gone extremely well and the test results have shown that the Tailcone concept is a viable, reliable, and affordable means of controlling AUVs. The next major step is to take part in endurance runs and establish the Tailcone Ducted Propeller design as an alternative to consider when working in rough environments with AUVs. 
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HEADING COMMAND TO TAILCONE AND VEHICLE RESPONCE
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