4. DORADO TAILCONE DESIGN

MBARI engineers designed the Dorado tailcone with a specific purpose in mind. That purpose was to provide an efficient, robust propulsion and steering mechanism for the AUV that would enable it to successfully complete long missions and survive possible collisions during launch, recovery, and while underway.  In the past, many AUVs have used fins to control heading and elevation. While these provide an efficient means of steerage, they are highly subject to damage during launch and recovery and in the event of a collision during the mission.  This damage would then result in disabling the vehicle and failure to complete the rest of the mission, as well as a potentially costly and time-consuming repair. With this in mind, the Dorado tailcone design is based upon an articulating, ducted prop that is robust and provides excellent steerage.  The following sections describe the Dorado Tailcone Specifications and Assumptions, Selected Components, Design Approach, Assembly and Subassembly Design and Description, Subsystem Tests, Cruise Results, and Remaining Work and Issues.

A. Specifications and Assumptions

The following specifications and assumptions were used as a design baseline for the tailcone:

1. A maximum rudder/elevator angle of +/- 15 degrees (based upon the MIT Odyssey vehicle). Without knowing the actual behavior of the vehicle with a duct used for steerage, it was determined that the duct should be at least as efficient as the fins used in the Odyssey vehicle with a comparable control surface area.

2. All electronics to be housed in oil filled, pressure compensated housings. A pressure compensator is included to provide 2-5 psig to each of the housings.

3. A prop speed of 300 rpm nominal, 400 rpm maximum. This was based upon a resulting vehicle cruise speed of 3 knots and maximum speed of 4 knots.

4. A maximum operating depth of 4000m. 

5. The tailcone assembly shall extend no further forward than 23” forward of the 8” diameter point of the hull. This was based upon an interface agreement between MBARI and MIT engineers to leave sufficient room for the remainder of the equipment required in the tail section of the AUV.

6. The tailcone will be modular with a simple bolt pattern used to install and remove it from the vehicle This enables the tailcone to be easily tested independently from the rest of the vehicle and allows it to be quickly removed for maintenance or repair.

B. Selected Components

1. Linear actuators from Ultra Motion were selected for pivoting the tailcone. These actuators are stepper motor driven with a linear potentiometer built in for feedback. They provide the required stroke, thrust, and fit into the space available.

2. An Aveox 2315 brushless DC motor and a CGI single stage planetary gearbox were selected for propulsion. They provided the required torque and speed at high efficiencies for both the 300 and 400 rpm speed requirements.

3. An Aveox motor controller board. This board was readily available and provided a seamless interface for driving the Aveox motor.

4. Tellus comp fluid. This fluid has been used successfully by MBARI in other drive systems subject to the same depth and temperature extremes and provides the lubricity required for gears while also acting to inhibit corrosion.

C. Design Approach

1. A lightweight aluminum alloy frame acts as support frame for tailcone. This frame was designed to take maximum actuator forces and provide the range of motion required for components (see figure 1).

2. A gimbaled ring is used for the tailcone articulation. Two actuators act independently to control pitch and heading. This design simplifies the controls and mechanical design while satisfying the motion requirements (see figure 2).

3. The pressure compensated housings for the actuators, thrust motor, and micro-controller are made of plastic. This minimizes the weight while taking advantage of the relatively low differential pressures incurred because of the pressure compensation system.

4. An off the shelf spring activated pressure compensator was selected for the tailcone. This minimizes the use of “custom” parts while satisfying the requirements for the tailcone.

5. An isolated compensation system was used for the micro controller housing and the other components. This protects the micro controller from possible water intrusion through the reciprocating and rotary seals in the actuator and thrust motor housings. 

6. Syntactic foam (4000 m rated) was formed using the outer hull as a mold in order to maximize the flotation in the tailcone and make the tailcone approximately neutrally buoyant (see figure 3).

7. The prop and duct were fabricated using stereolithography to form molds and cast urethane to form complex shapes. This eliminates costly machining and enabled spares to be produced easily (see figure 4).

8. Spring energized lip seals were used for actuators and motor shafts to enable the housings to be reliably sealed at low differential pressures for both rotary and reciprocating shafts.

D. Subassembly  Design and Description

1. Thrust motor housing (see figure 5)

a. The motor controller was housed with the motor and gearbox to minimize the distance between them and maintain the modularity of the unit

b. The motor controller is placed against the aluminum lid of the motor housing to dissipate the heat during operation.

c. A five hole pattern enables the housing to be easily installed in the end cone of the tailcone 

d. An interface plate was designed to connect and align the motor and gearbox. It acts to translate the propeller torque directly into the cone.

e. A purge plug was added to the top of the housing to enable the housing to be easily filled with comp oil and minimize entrained air.

2. Actuator housing (see figure 5)

a. An aluminum end cap acts to support the actuator and has a clevis for attachment to the frame.

b. The housing is low profile to fit within the space constraints of the tailcone and incorporates a highly reliable lip seal which may be easily inspected and replaced if necessary.

c. Electrical connectors enable the entire actuator housing assembly to be easily replaced if required 

3. Micro Controller Housing (see figure 6)

a. Connectors and internal rail chassis are connected to the end cap enabling the entire micro to be installed and removed from the housing easily.

b. Built in diaphragm and hydraulic quick disconnect fitting allow the housing to be easily fluid pressurized and depressurized with comp oil.

c. Electrical Connectors enable the micro to be easily connected to main vehicle lines as well as the tailcone power lines.

E. Subsystem Tests

1. 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.

a. Overall efficiencies of 80-85 %  were noted at nominal operating speeds as well as at higher speeds.

b. Maximum temperatures of approximately 55 deg C were noted during nominal operation. These temperatures were expected to drop during actual operation due to the surrounding seawater.

c. Endurance tests of 80 hours were successfully run with minimal gear wear (see figure 8) or seal wear. No degradation in efficiency was noted over this period either. 

2. Actuator load tests (see figure 9) were successfully conducted using a test fixture to verify endurance of actuators, integrity of seals, and overall functionality of actuator assembly.

3. Assembled tailcone tests (see figure 10) were conducted on a test fixture to verify clearances throughout entire range of motion and general functionality.

4. Pressure compensation tests were conducted to verify adequate system pressure during actuator and thrust motor operation

F. Cruise Results

1. Tailcone and flotation were installed in the vehicle and the vehicle trimmed and ballasted at dockside (see figure 11).

2. Simple missions on surface were conducted to verify rudder control of vehicle

3. Short duration missions at shallow depths were conducted to determine controllability of vehicle. Gains were adjusted for actuator controls to improve vehicle response to pitch and heading commands.

4. Vehicle turn radius and speed were measured and correlated quite well with expectations.

5. The vehicle was able to dive quite easily from the surface. This had been a problem with the fin-controlled vehicles in the past.

6. Overall vehicle control was good although occasionally erratic behavior was observed in pitch control

7. A longer vehicle was tested by adding a 5 foot long parallel mid-body (see figure 12) Gains needed to be adjusted due to the change in vehicle response to heading changes but satisfactory control was achieved.

F. Remaining work and issues

1. Occasional erratic behavior in actuators needs to be investigated and position feedback added by logging linear potentiometer readings in actuators.

2. Stepper motor driven actuators may be replaced by brushless DC motors for energy conservation and increased control

3. Metallic structural components may be replaced with lighter weight composite components for weight savings.

4. Modification of internal components may allow increased range of motion in tailcone.
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Figure 1 – Aluminum Support Frame
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Figure Figure 2 – Pivot Ring
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Figure 3 – Syntactic Foam Flotation
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Figure 4 – Prop and Duct (designed by MIT)
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Figure 5 – Motor Housing Assembly
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Figure 6 – Micro Controller Assembly
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Figure 7 – Dyno Test Setup
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Figure 8 – Pinion Gear Wear After Endurance Test
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Figure 9 – Actuator Test Setup
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Figure 10 – Tailcone Assembly Test Setup
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Figure 11 – Vehicle Trim Test
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Figure 12 – Long AUV Configuration
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