MBARI / MIT Ducted Propeller Control System

Developed for Autonomous Underwater Vehicles

Abstract

The Monterey Bay Aquarium Research Institute (MBARI) is currently developing new Autonomous 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 address and built the detail design for 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 concept. 

Introduction 

The DORADO AUV (Autonomous Underwater Vehicle) is designed to enable MBARI to expand our existing deep-sea research assets.  In addition to the capabilities provided by our tethered vehicles Tiburon and Ventana, Dorado provides several unique capabilities.  Among these are the ability to perform long term, large area, data acquisition of water column characteristics, as a testbed for new equipment and sensors, and as an indispensable tool of the Monterey Ocean Observing System (MOOS).  A meso-scale acquisition of this vital data will enable MBARI researchers to develop a much more accurate picture of the water column resulting in a better understanding of the inter-relationships of ocean processes.  The integrated tailcone system is an indispensable part of the vehicle enabling it to deliver the speed, perform the maneuvers, and attain the efficiency necessary to make Dorado a valuable deep-sea research asset.
Specification 

DESIGN CRITERIA

The following criteria were used for the tailcone design:

· Minimum plus/minus 15 degree range of Duct movement

· Actuator Torque of at least 5Nm

· Actuator accuracy of at least 0.5 degrees

· Robust design capable of  high impact resistance during launch and recovery

· Must be field serviceable

ALTEX Vehicle hydrodynamic design

For most AUV applications and for The ALTEX mission scenario in particular, a vehicle design that exhibits low resistance and efficient propulsion is of paramount importance. Another important hydrodynamic concern is that the vehicle should have passive stability at cruise speed, lest we spend a great deal of energy and computational resources maintaining straight and level flight. At the same time we require a high degree of maneuverability (a turn diameter of less than 4 vehicle lengths in our case). 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 overall vehicle construction: a load bearing skin in a expandable torpedo shape with a minimum of cutouts and protrusions, with a ducted all-movable propulsion/control module, that packs a lot of lifting surface area in a small package.

In the following we describe the process of predicting the hydrodynamic properties of the vehicle given the time and budget constraints of the project. Extensive computer analyses and model testing was beyond our scope, and most quantities had to be estimated using published results for similar shapes or hand techniques such as strip theory, with some judgment. Initial field test data indicate that this approach worked well and that we have met our initial performance goals.

Hydrodynamic resistance

Our initial focus was to confidently estimate the vehicle's drag coefficient, Cd, so that the propulsion system design could proceed, and a power budget be established (with a forward speed chosen to optimize range, propulsion will account for one third of the total power consumption). At the time, the length of the vehicle was 4.2 m, although it has since grown in length.  Brooks and Lang (1967), based of experimental results, has developed empirical drag coefficient values for torpedoes of different length, nose and tail taper. These apply to so called fully appended shapes, i.e. they have tail fin area sufficient to maintain directional stability. With their method we found a baseline drag coefficient 0.11 (based on frontal area) for our vehicle. To this we added the contribution from panel seams, openings, fasteners, roughness, appendages, angle of attack, additional tail fin area, and propeller interaction, based mainly on results from Hoerner (1958). Being conservative, to 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 a drag power of 78W. 

Propulsor design

The basic configuration of the propulsion/module was decided upon early in the design process, based on a number of criteria such as robustness, size, and complexity, as well as promise of 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, as seen in Figure 1. Consequently 15" was chosen for the diameter. 
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Figure1: Efficiency versus propeller diameter / vehicle diameter. The "85%" curve represents the rule of thumb for actual versus ideal efficiency, and we see that this is confirmed by the numerical calculation. 

The subsequent analyses was carried out using the propeller design software MIT-PLL (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, and this information allowed the design of the thruster to go forward with a single stage 10:1 gear box. Additional parameter

studies considered number of blades, tip gap, hub size, thrust distribution between propeller and duct, as well as the influence of assumed parameters such as inflow velocity profile, blade section drag and maximum lift coefficients. When we were satisfied that a good design had been reached, the geometric parameters for the propeller and duct were incorporated in a solid computer model for these units, and then transfered to a file format suitable for rapid

prototyping. Based on the calculations we are confident that the propulsor exceeds 75% hydrodynamic efficiency when operating near its design point.

Initial field test experience

The only controlled measurements of propulsion performance was a set of straight line runs with a short configuration of the vehicle at different propeller RPM's. The resulting are shown in Figure 2, together with the predicted performance (neglecting Reynolds number effects, speed is linear in RPM). We see that the measured speeds exceed the prediction, partly due to the lower drag of the shorter vehicle. Note that the speed was measured with ultra-short baseline tracking, which has a lot of noise. This may explain the apparent nonlinearity in the measured velocity.
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Figure 2: Observed speed vs. RPM, short vehicle configuration (2.46m

overall length), compared to predicted performance for a 4.2 m long

vehicle (solid line).

Control and Stability

The governing equations for the vehicle dynamics around 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), we estimated the pertinent hydrodynamic properties for our vehicle, and determined the necessary rudder force and local flow angle during a turn of 4 vehicle lengths

diameter at cruise speed. This allowed us to size the duct and stators in the propulsor 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, such that a disturbance in the vehicle's heading would not grow exponentially.

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.
Mechanical 
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VEHICLE COMPONENTS
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PROPULSION MOTOR 

The Propulsion motor chosen for the vehicle is an Aveox 2315 brushless DC motor being controlled by an Aveox H-160 motor controller, and a Pontech SV203 RS-485 to Pulse Width Modulation (PWM) interface. Brushless motors have several benefits over ones that are brushed. They are more efficient due to no brush drag, they are less noisy, they require no maintenance, and they have no deterioration of performance. Since the motor is running in oil the issue of carbon build-up resulting in dirty brushes is also eliminated. The 2315 has a maximum power rating of 3500W and is capable of a maximum speed of 10,000 RPM at 65% Efficiency. Since 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 H-160 controller controls power and rotational direction of the motor.  The H-160 is a 5V-40V Hall Effect sensor commutated and has 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 means no motor power.  A PWM less than 1.5 mS means forward power, and a PWM greater than 1.5 mS means that the motor is being reversed. 

The Pontech SV203 interface device is used to generate the low frequency PWM waveform that controls the Aveox H-160.


GEARBOX

The gearbox is a CGI 017PLX0100 planetary gearhead. It is configured for a 10:1 gear ratio allowing an operational propeller speed of 300 RPM to 400RPM. Having a weight of only one pound the unit is capable of 130 in.# of continuous torque with a shaft output of nearly 500 RPM. This rate provides an efficiency of over 90%. An acceptable standard backlash of 6 arc/minute will be experienced. The units are fabricated with a multi-section stainless steel and aluminum housing.  Case hardened steel planetary, ring, and pinion gears will run in a 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 shaft has also been modified to incorporate three flats 120 degrees apart.  These flats are used in conjunction with three setscrews in the propeller and secure the propeller for torque transfer.  A threaded hole on the end of the shaft is used with a shoulder screw as an extra measure of securing the propeller. 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 is 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 thereby enabling the use of lighter thin wall housings.
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LINEAR ACTUATOR

The two linear actuators are manufactured by Ultra Motion and are used to control the duct that steers the vehicle.  A parallel driven stepper motor coupled with a .083 pitch ACME lead screw drives the actuators. This configuration results in a 2” linear stroke.  Each actuator is housed in an oil-filled pressure compensated case.  A dual cup spring driven seal is used to resist seawater intrusion at the stainless steel shaft. Each of the actuators is responsible for one direction of vehicle control. One is responsible for providing movement of the duct in a vertical component  (Pitch) while the second actuator provides movement in the horizontal component (Yaw). The actuators are capable of working simultaneously to provide plus/minus 15 degrees of duct movement.  This equates to a controlled turn of nearly 10 degrees per second.
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MICROCONTROLLER

The microcontroller uses the Instrument Bus Computer (IBC) format that is the same as the data concentrators used throughout the ROV Tiburon. The microcontroller on Dorado performs the same serial, I/O, and power switching functions.


PRESSURE COMPENSATOR

The pressure compensator is used to provide pressurized oil to the tailcone housings and wiring tubes.  A spring-actuated rolling diaphragm provides up to 25 cubic inches of  3 PSI to 5 PSI  pressure to each of the oil filled housings and wire-filled tubes. The minimal pressure is used as a visual indicator of system integrity while the vehicle is on the deck. The oil pressure also acts to mitigate water intrusion from a small leak while submerged. The oil used is Shell Tellus 22 a light lubricating oil.  This oil is used on each of MBARI’s ROVs due to its material compatibility, non-conductivity, lower viscosity, and temperature range.  The oil also provides some lubricity to the bearings and gears in the propulsion module.

PROPELLOR and DUCTED CONTROL SURFACE

The design of the ducted control surface and propellor screw was done 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 propellor doesn’t have the capability of benefiting from the vectored water mass at the tip of each blade.  A ducted propellor 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 hydrodynamically shaped to optimize lift at numerous angles of attack.  The base of each duct fin is also designed with a skewing surface to counteract the torque resulting from the forces of the propellor 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.  

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

Electronics - Ed

Software - Doug and Tom

Conclusion - Bill
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