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ABSTRACT

The ability to take position, in a dynamic environment, relative to a local

stationary object, is vital to many planned missions for the Naval

Postgraduate School's Autonomous Underwater Vehicle (AUV II) project, such

as bottom surveying and mine hunting. The AUV II can achieve this ability

through the use of its sensors, along with stern propulsion motors and tunnel

thrusters.

The sensors employed by the AUV II include a free directional gyro and

independent self-sonar which provide acoustic positioning data without the aid

of a transpder net.

Described in this thesis are the details of the internal subsystems of the

AUV II, and an examination of its positioning ability through the analysis of

maneuvering experiments. Commanded motions of yaw, lateral and

longitudinal positioning during hover conditions are studied.
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L INTRODUCTION

This chapter provides a discussion of the background information and

outlines of the scope of study for this thesis.

A. BACKGROUND

The applications of Remotely Operated Vehicles (ROVs) and Autonomous

Underwater Vehicles (AUVs) are subjects of increasing widespread interest by

both civilian and military organiztions.

The operation of ROVs is traditionally accomplished by the use of a

physical tether, through which electrical power, control and sensory data are

transferred between the vehicle and a surface ship. An ROV therefore, is

under the continuous control of a human operator (pilot), and is dependent on

and tethered to the host platform.

An AUV on the contrary, operates independently of any physical or

electrical tether, and requires little to no intervention from an outside activity.

This level of autonomous operation permits a greater scope of mission

capabilities, and as such, is the subject of numerous research projects

encompassed in the Autonomous Underwater Vehicle project at the Naval

Postgraduate School, in Monterey, California, at the Monterey Bay Aquarium

Research Institute, MIT Sea Grant, Charles Stark Drake Laboratories, Woods

Hole Oceanographic Institute, Florida Atlantic University and the Naval

Undersea Warfare Center, Newport, Rhode Island, amongst others.
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Future missions planned for the AUV project include environmental

surveying, search and mine hunting missions. Vital to the accomplishment of

these types of missions, is the capability for the vehicle to position itself in the

vicinity of a stationary object or change its position with respect to an object,

within a dynamic environment

The ability to accurately maneuver itself, at relatively high speeds, within

a confined environment, has been demonstrated by the second generation

design of the NPS AUV (AUV II) (Warner, 1991). The ability to achieve

accurate dynamic positioning, during hover conditions, based on the vehicle's

own acoustic data input, has been made possible, only recently, through

several configuration changes to the AUV II. These configuration changes

include the addition of a high frequency profiling self-sonar, and horizontal and

vertical tunnel thrusters.

The profiling sonar installed in the AUV II, provides acoustic

environmental and positioning data without the use of external signals or

transponder networks. The performance of the sonar has been tested and

verified by previous experimentation (Ingold, 1991).

The design and performance testing of the tunnel thrusters have been

verified and documented by Good (1989), Cody (1992) and Brown (1993).

IL SCOPE OF TREES

The objective of this thesis is to experimentally examine the capability of

the NPS AUV II to achieve accurate acoustic positioning, during hover

conditions. It is the contention of this work that both lateral and longitudinal

2



position of the vehicle can be maintained using high frequency onboard sonar

returns without the use of a transponder net. Furthermore, that without

ocean current disturbances, the precision of the positioning is limited only by

the precision of the sonar and the threshold of operation of the propulsors, and

stable motion is achievable.

Chapter II provides docmentation of the major design and configuration

changes incorporated into the AUV, which provide the capability for the

vehicle to accomplish the hover positioning experiments.

Chapter III includes a description of the test facility, laboratory and

equipment set-up used for the experiments. The procedures for the positioning

experiments are also discussed.

The results of the positioning experiments are provided in Chapter IV,

along with the development of a theoretical model and its comparison to the
experimental data

A summary of conclusions and recommendations for further study is

discussed in Chapter V.

3



IL AUV UI CONFIGURATION

Since the time of its original design (Good, 1989) and successful

waterborne -d nstion (Warner, 1991), several design and configuration

concepts have been the subject of research surrounding the AUV project at

NPS, resulting in numerous published these. The result thus far has produced

the currment confi tion of the AUV II, pictured in Figure 2.1.

This chapter provides a description of the major equipment groups which

comprise the current configuration of the AUV Iach section discusses the

nominal operating characteristics and ratings as applicable, and refers to

figures within the test, or diagrams and the wiring list which are included in the

appendices. The following equipment groups are discussed:

1. Sensors (Environment and Vehicle).

2. GESPAC M68020/30 Computer System.

3. Propulsion and Maneuvering pm

4. Electrical Power Equipment

A simplified block diagram of these major equipment groups is provided in

Appendix A. This diagram shows the basic system power paths and the

computer data transfer paths between the components.

The wiring list for the AUV II is provided in Appendix B.

Figure 2.2 shows the placement of the major equipment components in

the AUV. As discussed in Good (1989), the propulsion and maneuvering

equipment (control fins, tunnel thrusters and stern propulsion motors) is

4



Figure 2.1 AUV II
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-agend in the vehicle, to achieve the most efficient e capabilities.

The remainder of the equipment is located to achieve the most favorable

volume and weight distribution, and to minimize the length of the wire runs.

The batteries therefore, are centrally located in order to keep the center of

gravitc dose to the center of the vehicle body. The computer is located at the

center of the vehicle body, with the served equipment located as close as

possible to the computer.

Calculations of the centers of gravity and buoyancy are provided in

Appendices C and D.

A. SIMORS

The sensor systems incorporated into the AUV II provide the necessary

input data, for both environment conditions and vehicle motion, to achieve

aut mus vehicle operation and control.

1. Envfrenmet Aenmo (Sonar Equipment)

The sonar suite consists of three types of sonar transducers with

primary functions being horizontal environmental surveying (profiling), target

imaging (scanning) and bottom auveying (depth measuring). The three types

of sonar used for these functions, are respectively-, the Tritech ST-1000 and

ST-725 sonar and the Datasonics PSA-900 altimeter. Placement of the

transducers, in the (flooded) nosepiece section of the AUV is shown in Figure

2.3.
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The profiler is the model ST-1000 sonar, manufactured by

Tritech International, Ltd. This unit is a compact system, operated by a PC

comatible computw and in integrated with the ST-725 scanning sonar.

The ST-IOoo sonar head operates at a frequency of 1250

kilohertz (1000 kilohertz, nominal), with a on degree comical beam It requires

24 to 28 volts (DC) power at 800 miliamps, and can be operated at depths up

to 4900 feet, over eight selectible ranges between three and 160 feet.

The ST-1000 can be operated in two modes; Sector Profiling or

Sector Sonar Scanning. The Profiling mode provides 360 degree coverage,

where the delay time to the first echo is sensed and returned to the device

serial port connector. The Scanning mode is continuous, and can be used for

horizontal sector scan, or for vertical left or right side direction coverage. In

this mode, the intensity of the returning echoes are sensed as a function of

delay time and returned to the device serial port connector as a string of

values, one in each of 64 range pixels. At larger total ranges, full range is

divided into 128 range pixels. For the shorter ranges, a sonar pixel will be 9.3

centimeters long by 1.8 degrees wide. Intensities are scaled from one to 15,

where 15 represents the bighest strwg

The ST.1000 sonar head is mounted vertically, in the AUV,

promtdin through the bottom of the noepece.

9
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The scannig sonr is the ST-72W, also manufactured by Trtech.

It operates at a frequency of 725 kilohertz with a one degree by 24 degree fan

beam.

The 8T-725 sonar head is mounted aft of the ST-1000, but

protrimfdl through the top ofthe noepoec.

c. Depth Smw Datmcs PSA-900)

The depth sonar is the Model PSA-900 Sonar Altimeter,

manufactured by Datasonics, Inc. It is microprocessor controlled.

The Datasonics operates at a frequency of 210 kilohertz, with a

ten degree conical beam. It requires 15 to 28 volts (DC) at 100 miliamps and

can be operated at depths up to 6500 feet, at ranges up to 90 feet.

The Datasonics transducer is installed as described in Good

(1989), with a plastic cone, mounted in the nosepiece. Only one Datasonics

transducer is used here, as opposed to the original configuration, and it is

mounted facing downward, aimed through the bottom of the nosepiece.

2. Vehicle Senmors

The vehicle sensor components provide the input data for the position

and motion of the AUV.

10



Three types fgyrof were used to measure the vehicle's angular

positie, and roll, pitch and yaw rates. All three types are manufactured by

,Humphrey, Inc.

(1) Free Gyro. The free ao measures the yaw angle of the

vehicle. The Model FG23-7102-1 is a two-degree-of-freedom unit which

refeenaes its own case frame.

Its innma and outer gimbals have 360 degree and negative to

poitive 85 degree motion, which require 26 volts (AC), 400 Hertz input. The

pickoff is an outer gimbal syncro control transmitter which outputs 11.8 volts

(AC). The gimbals have a remote caging/uncaging device which requires 28

volts (DC) input.

The gyro motor requires 115 volts (AC), 400 Hertz, and

spins at approximately 24,000 revolutions per minute. The Model PS27-0101-

I power supply provides the 400 Hertz (26 and 115 volts (AC)) input to the

gyro.

The free gyro is located aft in the midbody section of the

AUV. The wiring diagram for the free gy is provied in Appendix C.

(2) Vrtical Gyro. The vertical gyro measures the pitch and roll

angle. of the vehicle. The Model VG34-0301-2 is a two-degree-of-freedom unit

with both axes slaved to local gravity.

It's inner and outer gimbals have 360 degree (roll) and

negative to positive 80 degree (pitch) motion. The pickoff is a plastic

11



potstiamte', which outputs neative ten to postiv ten volts (DC). Required

input is 28 volta (DC).

The vertical myro is located forward in the midbody section of

the AUV. Since the vehicle body is rigid, gyro placement was a matter of

rrang ent rather than a matter of required location within the body.

(3) Rate Gyros. The rate gyros measure the roll, pitch and yaw

rates of the vehicle. Each component of the Model RG02-2324-1 has single-

degree-of-freedom motion along its designated axis, and is torsion spring

mounted to produce gimbal di-placemets proportional to angular rate inputs.

Required input is 28 volts (DC). The pickoffs are resistance

potentiometers which produce output voltages of negative ten to positive ten

volts (DC). Maximum rates are 360, 90 and 90 degrees per second for roll,

pitch and yaw.

The rate gyros are located forward in the midbody section of

the AUV.

b Deph CeU (PSI-Trosix)

Vehicle depth is measured using a differential pressure

transducer manufactured by PSI-Tronix, Inc.

The PWC series (S11-131) is a strain gage based transducer

which operates from zero to 15 pounds per square inch (depth to

approximately 34 feet), referenced to one atmosphere. It requires 12 to 18

volts (DC) supply and outputs zero to ten volts (DC).

12
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The probe for the depth cell is located in the nosepiece section of

the vehicle in the aft bulkhmed, in order to permit contact with the water at the

vehioe's depth, with minimal flow.

e. Vehle Sped Smmear ( •o-Probe)

The vehicle speed through the water is measured by a Turbo-

Probe turbine flow meter, manufactured by Flow Technology, Inc.

The transducer is an axial rotor element, mounted at the end of a

strut. The strut houses an electromagnetic pickoff assembly which generates

electrical pulses of a frequency proportional to the rotor speed and flow

velocity. The flow meter has an operating range of one tenth to six feet per

second.

The flow meter is used in conjunction with the LFA-307 Range

Extending Amplifier, also manufactured by Flow Technology. This amplifier is

used for signal conditioni-g to insure good linearity at low flow velocities.

The flow meter is mounted in the nosepiece section of the AUV

with the rotor element protruding through the bottom of the nosepiece.

S Mobto RPMl diacor (Hewle.Packard)

Hewlett-Packard Model HEDS-5000 series optical encoders are

used to measure motor speed.

These encoders are configured with a lensed LED source, an

integrated circuit (IC) with detectors and output circuitry, and a code wheel

which rotates between the emitter and detector IC. Rotation of the code wheel

generates a pulsed input which the IC circuitry processes to produce a digital

13



pulsd output Rotation speed is measured in terms of the pulse count per unit

time, or the time width of succehuive pulses. The encoders require a supply

voltage of one half to seven volts (DC) input and operate up to 30,000

revouios per minute.

Each thruster and stern propulsion motor is configured with an

encoder attachod to its shaft.

3. GEPAC M6802/3O COMPUTER SYS M

The function of providing real time control of the AUV II is accomplished

through the use the GESPAC M68020/30 series computer system and various

input/output control cards.

The OS-9 Operating System is used in the GESPAC. It provides real

time, multi-tasking capability. C language is the source code. It is independent

from the input/output devices.

The software package PC Bridge (trademark of GESPAC, Inc.), is used to

communicate between the GESPAC and an external IBM PC for the purposes

of file transfer. As the processor system is an embedded real time processor, it

operates on a single board without the benefit of an associated hard disc for

storage of memory modules. Only operating system modules are "burned" into

EPROM, thus run modules that form the vehicle control functions at run time

must be loaded from an external computer into the embedded processor.

The major components of the embedded computer system are positioned

in a twelve card cage, located in the midbody section of the vehicle.

Communication with the GESPAC is accomplished through an RS-232 serial

14
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communications port, located ou the top of the vehicle, through a watertight

connector and a sufficiently long, lightweight watertight cable.

The following sections give a brief description of the major components of

this system. The paths for data input/output between the components are

shown in the block diagram of Appendix &

1. GESMPU-20 Micro Processor Unit

The GESMPU-20 module uses a 32 bit 68020 microprocessor built

into a single board. The microprocessor uses a non-multiplexed G96 bus with

32 bits of address and 32 bits of data. The board runs at 25 megahertz and

has an associated two megabytes of CMOS Dynamic RAM, on an adjacent

card. Its power requ ent is positive five volts (DC).

The GESMPU-20, through its device drivers and execution level real

time control software, compiled into executable modules, controls all computer

functions in the AUV.

2. GESMFI- 1 Multi-Function Interface

The GESMFI-1 is a universal interface module with two RS-232

serial ports, two, eight-bit parallel ports and three 16-bit timers. The module

runs with either one megahertz or two megahertz synchronous timing and has

50 bytes of CMOS RAM. The power requirements are positive five and

negative to positive 12 volts (DC).

The GESMFI-1 interfaces with the 14-bit Synchro to Digital

converter, which operates on the data from the free gyro. The MFI card

15
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provides the embedded processor with a digital data value of zero to 16384

(2, crremsponding to one revolution (360 degrees) of the yaw angle ayro.

& GESSIO.1B Serial InputAOutput

The GESSIO-IB dual interface module provides two RS-232 capable

asynchronous serial ports. The power requirements are positive five and

negative to positive 12 volts (DC).

The GESSIO-IB provides the interface for the ST-725 and ST-1000

sonar transducers.

4. GESPIA-A Peripheral Interface Adapter

The GESPIA-3A has two parallel 16-bit input/output ports and four

16-bit timers. The power requirement is positive five volts (DC).

This module provides the interface for the free gyro cage/uncage

command and status signals. It also provides an input for the Datasonics

sonar transducer, the CRYDOM relays and the Calex power supplies. It

controls the Transistor-Transistor Logic (TTL) which provides the switching

signals for the relay/power supply system.

L GESADA-1 AND GESADA-2 AnakoDigital Intmer s

The GESADA-1 and GESADA-2 modules provide analog to digital

(A/D) and digital to analog (D/A) functions. The GLSADA-1 module has a 16

channel, ten-bit A/D input section and a four channel, ten-bit D/A output

section. The GESADA-2 module has a 16 channel, ten-bit A/D input section.

Both modules require positive five and negative to positive 12 volts (DC).
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The GESADA-1 module interfaces the outputs from the Diagnostics

module. The GE8ADA-2 module interfaces the inputs from the vertical and

rate arom, the depth cell and the Datasonica transducer.

& GESDAC-2B DgtaAn gConverter

The GESDAC-2B module provides an 8 channel, 12-bit D/A output.

Its power requirement is positive five volts (DC).

This module interfaces the inputs to the propulsion and thruster

motor servo amps.

7. GESTIM-lA Multiple T1mer Modules

The GESTIM-1A modules provide the System Timing Control (STC)

functions. Each module has five, 16-bit channels and a real time

dckt/calendar function. The power requirement is positive five volts (DC).

Five GESTIM-1A timing modules are used in the AUV which

coordinate the signals between the tachometwr sources (thruster and stern

propulsion motor speed indicators, flow me. er and control surface servo

motors).

C. PROPUtION)MANEUVERING EQUIPMENT

The propulsion and maneuvering systems are comprised of three groups of

equipmet; control surfaces, stern propulsion and thrusters.

17



1. Contol Smrhme

The development of the design of the control surfaces is presented in

Good (1989). The shape used for the AUV II application is the NACA 0015

fan sefto•

Two cruciform arrangements of control surfaces are used; one

arrangement forward and one aft, on the midbody section of the AUV. This

arrangement provides highly efficient maneuvering capability in both the

horizontal and vertical planes as evidenced by previous waterborne testing of

the AUV (Healey and Marco, 1992).

The control surfaces are positioned through the use of radio controlled

aircraft servo motors. Airtronics Model 94510 servos are installed, one for

each control surface. These motors have a maximum torque rating of 110

ounces-inches (6.875 pound-inches) , and a response time of one half second for

a zero to 90 degree movement.

L. Stem Propulsion

The AUV II is configured with a conventional twin screw propulsion

systemn Detailed development of the design is provided in Good (1989).

A commercially purchased running gear hardware kit, manufactured

by Gato*Balao, Inc., is installed. The kit consists of two brass propellers,

stainless steel shafts and three inch brass stuffing tubes. Two, four blade, four

inch diameter propellers are installed, each capable of providing approximately

five pounds of thrust at full load (Saunders, 1990, Coty, 1992).

18



Electric DC servo motors are used for the stern propulsion units. The

PITMO DC Model 14202 series motor, manufactured by Pittman, Inc., has a

stall torque of 106 ounce-inches, a no load speed of 3820 revolutions per minute

and a peak power draw of 333 Watts. Operating at 24 volts (DC), the motor

has a no load current rating of 0.230 amps.

The AUV II is configured with four tunnel thrusters which provide the

capability for slow speed maneuvering, hovering and station keeping. The

thrusters are mounted in pairs, one mounted horizontally, one vertically, each

pair is mounted forward and aft, in the midbody section of the AUV.

Each thruster assembly consisted of a DC servo motor, a reduction

gear and housing assembly, a propeller assembly and thruster tunnels.

The servo motors used for the thrusters are the same as those used

for the stern propulsion units described above; PITMO DC Model 14202 series.

The reduction gear is a single stage, single reduction spur gear

configuration. The pinion and gear are made of Delrin (trademark of Winfred

M. Berg Company). Both the pinion and gear have a pitch of 24 teeth per inch.

The pinion has 45 teeth and a pitch diameter of 1.875 inches, and the gear has

90 teeth and a pitch diameter of 3.750 inches. The resulting reduction ratio

provided is two to one. The gear is configured as a ring gear and is fitted

around the propeller and hub assembly. The reduction gears are assembled

into an alumninum housing to which the thruster servo motors are mounted.

(Cody, 1992)
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The propeller and hub assembly is made of brass. The propeller is

three inch.e in diameter, and has four blades mounted at 45 degrees. The

blade angle is constant along its length, and the blade has zero camber which

permits equal thrust in both forward and reverse directions of rotation. The

propeller and hub assembly is mounted on a stainless steel shaft and the

thrust~ournl bearings are made of Teflon. (Cody, 1992)

Aluminum struts, mounted in the thruster tunnels, support the

propeller shaft, oriented axially in the thruster housing. The tunnels have an

inside diameter of three inches, and are mounted in two sections on either side

of the thruster housings, placing the thruster housings at the midpoints of the

tunnels. The horizontal tunnels are 16.5 inches and the vertical tunnels are

ten inches in length, corresponding to the width and height of the AUV.

The modeling and performance analysis of the thruster assemblies

have been the subject of several theses, including Good (1989), Cody (1992) nd

Brown (1993).

D. ELECTRICAL POWER EQUIPMENT

The objective of the original design considerations for the power

requirements of the AUV II was to provide adequate energy onboard which

would support all vehicle functions for at least an hour of completely

autonomous operation. The installed electrical system provides enough power

to run the vehicle's onboard computer, sonar and electronics systems in

addition to power for mobility.
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This section describes the major componets of the electrical power

system

L 54 Voat Batwey Padrs (Pun!esc)

Two 24 volt (DC) battery packs provide the main power source for

the AUV. Each battey pack is made up of two, 12 volt (DC) Panasonic Model

LCL12VS8P rechrge al, sealed lead-acid batteries connected in series. The

batteries weigh 31.5 pounds, and have nominal capacities of 34.0 amp-hours

(ten hour rate) and 38.0 aml-hours (20 hour rate).

The series battery packs provide 24 volts (DC) power to the following
equipment

1. Rate gyros.

2. Vertical gyro.

3. 400 Hertz power supply for the free gyro.

4. ACON computer power supplies.

5. CRYDOM relays.

6. C4ae power supples.

7. Six, PMW servo amplifiers (thruster and stern propulsion motors).

8. Tachometer sources (thruster and stern propulsion motor speed
indca Tvrbo~xvbe).

The battery packs are located in the midbody section of the AUV, one

foward and one aft of the GESPAC computer cage.

I ACON Poww Supplies

Two ACON Model R100T2405-12TS inverter/power supplies are

installed to provide power to the computer systems. The two power supplies
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Sindepe nt and provide positive five and negative to positivs 12 volts

(DC).

The power supplies are mounted in the midbody section above the

farwa d battery pck.

& Cando npow SuppaM

The Calex Models 12S15, 48815 and 1285 power supplies provide

pomite five and negative to positive 15 volts (DC) for the following equipment

1. Reference source for the rate gyros and vertical gyro (+/- 15 volts (DC)).

2. Datasonics sonar (+15 volts (DC)).

3. Depth cell (+15 volts (DC)).

4. GESTIM-IA ti cards (+15 volts (DC)).

5. Control surface servo motors (+5 volts (DC)).

6. CRYDOM relays (+5 volts (DC)).

The power supplies a-e mounted in the midbody section above the

fogrward battery pack.

4 CRYIDOM Relay

The CRYDOM Model 6300 relays provide the voltage switching using

TTL logic input from the GESPIA-3A modules. Power is supplied to the

falowta Fr; c mts:

1. Tritech sonar (ST-1000 and 8T-725) (+24 volts (DC)).

I o we voltage for the free yro (pound path).

22
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L sm Aw m rs (Wd ma d MotdeContrs)

Motor peed for the thruster and staen propulsion motors is controlled

through the use of Advanced Motion Controls PWM Model SOADSDD servo

amldirs One amplifier is used for each motor. The PWM servo amplifier

ues a zero to ten volt control signal to modulate the pulse width of a 24 volt,

five to 46 kilohertz (load dependent) output signal to the motor. Direction of

the motor i controlled by changin the polarity of the control signal.

The servo amplifiers are located in the midbody section of the AUV,

mounted on the port and starboard bulkheads.

a Syncbro to Digital (&D) Converter

The Synchro to Digital Converter is a 14-bit device designed at the

Naval Postgraduate School. It uses an Analog Devices card which converts

the phase components of the free gyro output signal to digital data.

The S1) converter is located in the midbody section and is mounted on

the aft end of the GESPAC computer card cage. The wiring diagram for the

SA1) converterre amro is provided in Appendix C.

7. Jivmeer (Motor nhibitor)

A signal inverter is installed between the GESPIA-3A module and the

servo ampe to prevent energizing the thruster or stern propulsion motors

during computer system start-ups.

The inverter is located in the midbody section and is mounted above

the aft battery pack.
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mIL gmnMzrrA APPARATUS ANDiPROCEDuL

This chapter providss a descrption of the equqmnt and procedures used

to ccoduct the hover positioning experiments for the AUV II.

BacIground information is discussed concerning the preparation of the

AUV II vehicle, the lab and support facilities and the test equipment, followed

by an outline of the procedures used for the experiments and data collection.

A. EQUIPMENT PREPARATION

The equipment used for the hover positioning experiments are categorized

into three groups; the AUV II vehicle, the test facility and the programmed

software cede.

1. AUV IM Vehicle

Over the course of the thirty months since the vehicle completed its

last waterborne tests, numerous configuration changes have been

i oted into the AUV, the results of which were presented in Chapter II.

Many man-hours were consumed, involving the expertise of the Mechanical

E rin epartment machine shop personnel, electronics technicians,

stW ... and a few students.

New equipment groups installed in the AUV include sonar, gyros,

power suppl .es, qsped snsors and computer systems, however, the equipment

which provide the means to accomplish the objective of this thesis are the

thrusters. The location of the horizontal thrusters, forward and aft of the
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veile's ceater of gravity permit rotation and lateral translation, while the

vheis hovering

The final design concept for tue thrusters was completed and a

Samssem bly w as m anufactur and s tis actorily tested (C ody, 1992).

The three remaining thruster assemblies were then constructed and the four

units hmsalled in the AUV.

L. Lab amd 1~t Falidty

The test facility for the AUV project is located in building 230 of the

Naval Postgraduate School Annex. The facility houses a 18,000 gallon

capacity test tank which measures 20 by 20 by 6 feet. Other equipment

include a filtration and recirculation system, hoist, catwalk and external

computers.

The external computers include an IBM PC clone 486 with a VGA

graphics monitor, a clone 286 PC and the GESPAC Development System,

which is a replication of the in-vehicle system with a hard drive, C code cross-

compiler and PC Bridge software for transferring compiled modules of code to

and from the vehicle.

In preparation for the hovering experiments the interior of the tank

was painted with white epozy, and a 2.5 foot square grid pattern was laid out

along the bottom and sides of the tank. This permitted good visibility of the

vehicle, and provided a reference for vehicle pre-positioning and motion

observatdon, during testing. A catwalk was installed across the top of the tank

for vehice launch and recovery, and epiment obervat 1tn.
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& Cempu Sotwm

In order to support the basic operating functions of the AUV in

addition to executing the positioning experiments, numerous software

p rogams were written and installed in the onboard GESPAC and external

control computer systems. The development of the software programs is the

sukect of a doctoral dimrtation, currently in progress by David B. Marco.

Some of the AUV operations supported by the software include the

1. AUV system start-up.

2. Free gyro cang aging.

3. Gyro zeroing fimctions.

4. Sonar operations.

5. Sensor data input functions (A/D).

6. Command positions for motion experiments.

7. Control law functions for each operating mode of behavior.

8. Command data output functions (D/A).

9. Data storage for analyses.

It should be noted that independent software modules for debugging

subsystem operations are not only desirable, but essential to the calibration

and verification of vehicle functimons.

5. M AL APPARATUS

The equipment arrangement for the hovering motion experiments is

shwn in Fgure 3.1.

26

... . . . .. -. '•.... . .. ... .. i .. .•- ,• , !- . ' 7 7 : 7 7•' • " " , ' - "' ';!• ' ,. ... • " ! " ,: "..



PC
workstation

AUV H

I III
Catwalkd: --"------ - - :

Test Tank (20' x 20'x 6')

Figure .1 Expemmesta -St-up
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For the purposes of conducting these experiments, an electronic tether

was attached to the onboard GESPAC computer via the RS-232 connection.

This provided a direct path for file and data exchange between the GESPAC

computer and the external PC workstation running PC Bridge software.

The vehicle is lifted into the test tank via the hoist, and positioned for the

start of each experiment by observers on the catwalk. The observers remain

stationed on the catwalk throughout the tests to recover the vehicle or prevent

damage should an equipment casualty occur.

The vehicle is operated externally through the PC workstation, however

the serial link is used only for file and data transfer. Motion commands are

built into the run program through screen entry, but once entered, the vehicle

is completely independent of any further commands for the operation. Data

files recorded for each experiment are down-loaded to the PC workstation.

The AUV II vehicle, test tank and PC workstation are pictured in Figures

3.2 and 3.3.
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Figure 3.2 AUV II and Test Tank
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Figure 3.3 AUV II and PC Workstation
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C. PRPECZMDUTAL P• URE

Thu section describes the procedures used to calibrate the test equipment

and outlnm the tree types of hover positioning experiments, including data

collectionL

i. Rate Gyrm Calbtion

Calibration of the rate gyro was required due to a new power supply

being used for its input. The new power supply also produced a change in the

range of output voltages from the gym.

It was anticipated that both a scale factor and a bias error would be

lectronically introduced into the gyro output.

An additional bias error was expected as a result of the zeroing

procedure to be used at the start of the experiments. During this procedure,

the vehicle is held as motionless as possible in the tank. As the experiment

starts, before any control motion begins, a segment of the run code reads the

sensors, taking initial position readings of the vehicle relative to the

environment. Average values of positions and rates are calculated and used as

zero points for the following test rate and position measurements. Unless the

vehicle is perfectly motionless (which is impossible in this test facility), there

will be some rate bias introduced, however it was expected that this would be

nail.

Referencing the right-hand global and body fixed coordinate systems,

as shown in Figure 3.4, the scale factor (SF) and bias factor (BF) errors are

modeled by the following equation:
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r (1)[Y..PJBF) *SF

wher it was considered that the precision of the heading gyro (drift rate less

than sx degees per hour) was such that

The ewpeimntal yaw rate can then be corrected by the following equation:

r. = r... x×SF+BF

The true yaw rate could then be found by correlating the experimental yaw

rate data to the derivative of the yaw position data using a first order least

squares fit.

Since the vehicle, when placed in the tank, essentially behaved as an

ideal rate table, it was decided to use the vehicle's own motion under a yaw

position command to calibrate the rate gyro. This motion is shown in Figure

3.5. Inputs from the free gyro were used to determine the vehicle's yaw

po0t51.

The control laws for the yaw position commands were derived on the

basis that the commanded moment is directly proportional to the differential

thrust between the forward and aft lateral thrusters, where the thrusters are

used in opposite directions. Additionally, the thruster force is proportional to

the square of the applied motor voltage (using the absolute value to account for

di efil).
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Howove, in order to keep the control effort linear, the position commands were

gienerated using proportional derivative control laws for the thruster voltages.

Based on the equations above, the control laws for the forward and aft thruster

voltages are as follows:
Vh•€,bmm= -KT (IF- V.) - K,(r -r._)

Vmn," = Ky(0- Y0)+ K,(r- r__)

Kr = K. x T,,

The control law gains were selected heuristically, estimating that a

full voltage contro effort (24 volts) would be used for a yaw position error of "r8

(22.5 degres), with a nominal time constant of one second. These estimates

resulted in the following cmmr law gains for yaw positioning.

Kv =60

The position commands were given for yaw angles of (negative) 30,

60, 90, 180 and 360 degres (relative to a starting position). Three trials were

cmpletedo r eaI ommand position anle.

The data recmrd induded yaw position, yaw rate and forward and aft

thruster voltage inputs as functions of time. Figure 3.6 presents the yaw

position versus time and the yaw rate versus time curves for the three, 180
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degee tet• (Note that the yaw rate curve is rected.) It is shown in this

fgue that good x.... was acieveL

A first order, least squares fit was used to obtain the scale factor and

bis factor between the measured yaw rate data and the derivative of the yaw

position data. Starting with the first 30 degree test, a scale factor of 3.2709,

and a bias factor of 0.0043 were obtained. Figure 3.7 presents these results.

This figure shows that an accurate fit was obtained.

For comparison, the measured yaw position data was compared to

the integral of the corrected yaw rate data. These results are also presented in

Figure 3.7. Fairly good agreement was achieved.

Using the same procedure, the scale and bias factors were obtained

for the remaining tests. The results are presented in Table 3.1. From the

results, it was observed that the scale factor varied slightly, however a

nominal value of 3.00 would not produce a great error in any of the tests. The

variation in the bias was small and appeared to be random.

Based on these results, it was felt that the yaw position data was

more reliable and all subsequent yaw rate data would be corrected using the

same procedure.

2 Yaw PositioniAg Eperiment

As discussed in the previous section, the yaw positioning experiment

was used for the rate ar calibration.

Inputs from the free gym were used to determine the vehicle's yaw

position. The position commands were given for yaw angles of (negative) 30,
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ANIZ U. YAW RATE CALIBRATION: SCALE AND BIAS FACTORS

T2ST TRIAL SCALE BIAS
FACTOR FACTOR
(St) (or)

30 DERORE 1 3.2709 0.0043
2 3.2980 0.0055
3 3.2662 0.0017

60 DEGlRE 1 3.0059 0.0013
2 3.0257 -0.0011
3 3.0209 0.0025

90 DEGREE 1 2.9S29 0.0004
2 2.9699 -0.0034
3 2.937S 0.0010

160 DEGREE 1 2.8387 0.0031
2 2.8592 0.0008
3 2.8799 0.0010

360 DEGREE 1 2.8208 0.001S
2 2.8727 0.0004
3 2.8470 0.0046
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60, 90, 180 and 360 dep e@, using a poportional derivative control law. The

data obtained for the calibration tests was used to analyze the yaw positioning

capability of the AUV.

& Latel Podom xpm

The motion for the lateral positioning experiment is shown in Figure

3.8. In addition to inputs from the free gyro, inputs from the profiling sonar

were used to determine the vehicle's lateral position with respect to the tank

wal

The control laws for the lateral positioning commands incorporated

the combined behavior modes of yaw and lateral motion. For the yaw motion,

the control effort is generated in the same way as discussed for the yaw

positioning experiment. For the lateral motion however, the forward and aft

lateral thrusters are used in the same direction.

Therefore, for a linear control effort, accounting for both behavior modes, the

lateral position commands for the thruster voltages are given using the

following Ioportional deivative control laws:

V." = -Ky (IF(- r)- K,(r- r)(- KY(Y- Y.) - K,(YtY-'m)

VA47hr Ki K(W - '..) + Kr (r -r..)- KT (Y- Y.) - K,(-Yv

Kr = K, x T..,

K, = K, x T4 ,
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Table 3.2 lists the test conditions for the lateral positioning

rimeaL The contrd law gains were varied in order to examn the coupling

effects between the lateral and yaw motions. The effects of changes in the

range of motion were examined by varying the initial and commanded positions

to cover small and large changes in position. A commanded yaw position of

zero degrees was given for all tests.

Data collected included range (global Y direction) to the wail, sway

velocity, yaw position, yaw rate, and forward and aft thruster voltage as

functions of time.

The away velocity data was obtained by extracting an estimate of the

derivative of the lateral range data from the sonar, using a Kalman filter

subprogram. The smooth velocity estimate was used for the velocity error

feedback. The filter also provided a smooth position estimate which was used

for the position error feedback. The subprogram for the Kalman filter, in C

source code, is provide in Appendix F.

4. LoItudinal Positioning Expeimnt

The motion for the longitudinal positioning experiment is shown in

Figure 3.9. In addition to inputs from the free gyro, inputs from the profiling

sonar were used to determine the vehicle's position with respect to the tank

wan, ahead.

The control laws for the longitudinal positioning commands account

for the behavior modes of yaw and longitudinal motion, however these modes

are controlled separately through use of the thrusters and the stern propulsion

42



TABL 8.2 LATERAL AND LONGITUDINAL POSITIONING
EXPERIMENTS: TEST CONDITIONS

LATERAL POSITIONING EXPERIMENT: TEST CONDITIONS

TEST Ky Tdy Kpsi Tdpsi Yinit Yco PSIcom

1 7 2 60 1 5.0 3.5 0.0

2 10 3 80 1 9.4 4.0 0.0

3 12 3 80 1 9.0 4.0 0.0

4 12 3 60 1 9.0 3.0 0.0

5 10 3 80 1 16.0 4.0 0.0

LONGITUDINAL POSITIONING EXPERIMENT: TEST CONDITIONS

TEST SONAR Kx Tdx Kpsi Tdpui Xinit Xcom PSIcom

GAIN

1 13 10 3 60 1 12.0 7.5 0.0

2 13 10 3 60 1 12.0 5.0 0.0

3 9 10 3 60 1 12.0 5.0 0.0

4 5 10 3 60 1 12.0 5.0 0.0

5 5 10 3 60 1 11.6 5.0 0.0

6 5 10 4 60 1 7.0 2.5 0.0

7 5 10 4 60 1 12.0 3.0 0.0
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motwr. Simil to the thrusters for lateral motion, the stem propulsion

motor are used in the ameo directImn
Fpm v," = Fg" ft

FftV S Vp'.PIVF'.)I

Therefore, a linear control effort is achieved, by generating the longitudinal

position commands using the following proportional derivative control law for

the stern propulsion motor voltages:
V& ;n Kx(X -X_)+ K,(-X_

KV = Kx x T4 x

In addition, as for the yaw positioning experiment, position commands for

thruster voltages were given using the following control laws:

Vm¶mkm =Ky(I- 'P.)+ K,(r- r.)

K, = Kr xTdY

Table 3.2 lists the test conditions for the longitudinal positioning

experiment. The sonar gains were varied in order to examine the effects on the

stability of the position data. The sonar gains shown are equivalent to the

percentages of the total transmission power of the transducer. The thruster

voltage control law gains for yaw position were set at 60 and one (proportional

and derivative, r vely), and a commanded position of zero degrees was

The lateral and yaw motion coupling effects were examined along with

the effets of changes in the range of motion.

45

S............... 7•, ,,'7'-.-• • ........... ~ ~ ~~~.... .......- .:• --- ... •:- -•......."i :•7',;.. .. ... •".... ..



Data collected included range (global X direction) to the wall, surge

velocity, yaw position, yaw rate, and forward and aft thruster, as well as stern

pmpulion motor voltages as fiuntions of time.

The surge velocity data was obtained, similarly to the lateral

posit ing pr nt through the on of the Kalman filter srm.
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IV. E]XPERIMARNTAL RESULTS

The purpose of this chapter is to document trends in the expeimental

data collected for the AUV positioning experiments. Each type of motion

studied (yaw, lateral and longitudinal), is addressed separately, and specific

observations are made with respect to the dynamics of the motion, ability to

achieve the commanded final position, commanded thruster and stern

propulsion voltages and where applicable, the effects of changes in control law

gains, sonar gains and the range of motion.

The results of the positioning experiments are then compared to a

theoretical model.

A. YAW POSTONING

As described in Chapter III, yaw positioning experiments were used for the

rate gyro calibration. Inputs from the free gyro were used to determine the

vehicle's yaw position. Position commands were given using proportional

derivative control laws, for thruster voltages. The position commands were

given for yaw angles of (negative) 30, 60, 90, 180 and 360 degrees (relative to a

starting position).

The data obtained for the calibration tests was used to analyze the yaw

postioning capability of the AUV. The data recorded included yaw position,

yaw rate and forward and aft thruster voltage inputs as functions of time.
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Figure 4.1 shows the yaw position, yaw rate and thruster voltages for the

90 degree test. The yaw position curve shows the motion response expected

from a proportional derivative control law. During the initial stage of motion,

the vehicle did not quite reach a constant turning rate as seen by an inflection

point at approximately six seconds. With a steady state error band of

approximately seven degrees, a single overshoot is observed due to inertial

forces initially dominating the motion. Drag forces, proportional to the square

of the yaw rate then became dominant, and the motion of the vehicle was

heavily damped to an accurate steady state position.

The yaw rate curve shows consistent results with peak turning rates

occurring at app tely six and 13.5 seconds.

The thruster voltage curve shows the forward and aft thrusters were

employed in equal and opposite directions. Also note that saturation had

occurred until approximately six seconds, which as previously mentioned, was

not long enough to reach a constant turning rate.

The effects of the magnitude of the commanded turn are shown in Figure

4.2. The yaw position curves show that the vehicle had reached a constant,

peak turning rate at approximately seven seconds, for the 180 and 360 degree

tests. Consistent dynamic results are shown with single overshoots followed

by heavily damped ap to accurate steady state positions.

The yaw rate curves show the constant turning rates for the 180 and 360

degree tests. The difierences in the values of the rates is due to experimental

repeatability. The average peak turning rate was observed to be

approxmately 16.0 degrees per second.
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While the .r0 is small, the final steady state yaw position was not exact

in all caaes As discussed in Cody (1992), a small voltage threshold exists for

the thrust motos due to mechanical fr& tio in the motor and reduction gear

housing (stiction), which prevents very naall corrections in position. This

coditio, to varying extents exists in all of the thruster assemblies as well as

the stem propulsion assemblies.

The thruster voltage curves show the different time periods of saturation

for the three tests. The differences in the peak voltages are due to the

differences in the combined effects of the position error and the turning rate

from which the proportional derivative control law determines the control

effort. As previously mentioned, the final steady state voltage was not always

zero volts due to thruster stiction.

The vehicle's ability to recover a commanded position, given a disturbance

is shown in Figure 4.3. Once the vehicle reached the commanded position, it

was given two manual disturbances in the direction of the overshoot. In both

cases, the commanded position was quickly recovered. The thruster curve

shows that saturation occurred for both recovery efforts.
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a PIOSIONIi EM 1DDEEN

The procedure for the lateral positioning experiment was described in

Chapter III. Inputs from the free gyro and the profiling sonar were used to

determine the vehicle's lateral position with respect to the tank wall. Position

commands for the thruster voltages were given using proportional derivative

control laws.

The test conditions for the lateral positioning experiment are shown in

Table 3.2. The data collected included range (global Y direction) to the wall,

sway velocity, yaw position, yaw rate, and forward and aft thruster voltage as

functions of time.

Figure 4.4 shows the results for Test 1. The range curve shows a single

overshoot approach to an accurate steady state commanded position for a

modest positioning command as expected for the proportional derivative

control. Consistent with the results for the yaw positioning experiment, error

in the final steady state position achieved is due to thruster stiction. A

noticeable amount of noise is present in the range signal and is emphasized in

the velocity curve.

The yaw position curve shows very small deviations from the commanded

zero degree position. For clarity, the negative value of the forward thruster

voltage was plotted for the thruster voltage curve. Neither thruster reached

saturation for this small range of motion, however the relative dominance of

the yaw position error to the control effort can be seen in the difference

between the voltage curves. This difference is shown in Figure 4.5, where the

yaw position curve is also plotted for comparison.
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For Test 2, a greater range of/motion was commanded, and the control law

gain were increased. The yaw position curve of Figure 4.6 shows the

hacteristic approach to the commanded position with slightly less noise,

until 70 wconds where the sonar return went unstable. This instability at

clos range, was attributed to a high sonar gain. The effects of reducing the

soa gains were examined during the longitudfinal positioning experimenit.

With the increased control law gains, coupling of the two motion control

modes of yaw and sway was emphasized, as shown by the yaw position curve.

Proportional derivative control does not compensate for this effect, and the

result was a disturbance effect created by one mode working against the other.

The thruster voltage curve shows that both thrusters reached saturation.

The aft thruster was reduced sooner due to the decrease in yaw position caused

by the smaller horizontal cross-section area of the vehicle's stern.

Further increase of the lateral position control law gains showed little

reduction in the response time to achieve the commanded position in Test 3,

however the yaw position was stabilized as shown Figure 4.7.

Test 4 demonstrated that a softer vehicle response, in yaw position,

resulted from reducing the yaw position control gains, as shown in Figure 4.8.

In this test, greater sway induced yaw motion was developed.

A greater range of motion was attempted for Test 5, and as Figure 4.9

shows, the thrusters were saturated for a greater period of time resulting in

reduced vehicle control in yaw position.
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C. LONGITVDINAL POSITIONING IWDPERDANT

Chapter III described the procedure for the longitudinal positioning

experiment. Inputs from the free gyro and the profiling sonar were used to

determine the vehicle's longitudinal position with respect to the tank wall.

Position commands for the stern propulsion and thruster voltages were given

using proportional derivative control laws.

The test conditions for the longitudinal positioning experiment are shown

in Table 3.2. The data collected included range (global X direction) to the wall,

surge velocity, yaw position, yaw rate, forward and aft thruster voltage and

stern propulsion motor voltage as functions of time.

The dynamic characteristics of the motion for Test 1 were consistent with

the proportional derivative control as shown in Figure 4.10. A single overshoot

was observed, with a highly damped approach to the commanded steady state

position. The stiction effects were observed in the stem propulsion assemblies,

which resulted in a small steady state position error in the longitudinal position.

The velocity curve reflects a greater amount of signal noise as the sonar

reaches a position closer to the wall.

The yaw position curve reflects the motion induced by the stern propulsion

1m01otors oýer gtiy with different levels of stiction.

The thruster voltage curve shows that small thruster control efforts were

generated to correct the yaw motion. Although identical voltage signals were

generated for both stern propulsion motors, the negative value of the right

propulsion motor was plotted for clarity. Saturation was observed for both
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motors followed by direction reversals to achieve the commanded steady state

For Test 2, a final co-manded position closer to thi tank wall (5.0 feet)

was attempted. As shown in Figure 4.11, the stern propulsion motors were

saturated for a greater period of time and a higher surge velocity was reached

which resulted in greater, reversing efot

Additionally, as the sonar spent a greater amount of time in closer

proimity to the wall, the range input became unstable. This effect produced a

greater amount of noise in the later•l range and surge velocity plot.

The same commanded position was attempted for Test 3, however a lower

sonar gain was used (9 vice 13). Figure 4.12 shows that the same motion

resulted with less noise produced in the range and velocity signals.

For Test 4, the sonar gain was reduced further (to 5), however very little

improvements in the motion or the noise levels were observed, as shown in

Figure 4.13.

Figure 4.14, for Test 5 demonstrates the repeatability with the same

results as Test 4.

A very aggressive approach to the wall was attempted for Test 6 using a

commanded position of 2.5 feet. Figure 4.15 shows that frequent voltage

adjustments were generated to the stern propulsion motors which resulted in

slight oscillations in longitudinal position and velocity as the vehicle

approached the steady state position.
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Th largest raMp g motdon (12.0 to 3.0 feet) was duotrated for Test 7.

Fire 4.16 shows a very good approach to the commanded steady state

gtdi a 'l mmition without the oscilations observed for Test 4.
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. T~oREItCAL MODEL

This section presents a theoretical model for the horizontal plane

maneuvering of the AUV, during hover conditions. The development of the

model is discussed in this section along with the results, which compare the

actual motions of the AUV II, determined experimentally, with those predicted

bythe model.

1. Theoretical Model Development

The purpose of developing this theoretical model of the AUV, is to

provide the capability to predict its motion under various maneuvering

conditions. These results provide the basis for the development of a model

based control system, whereby the predicted vehicle positions, velocities and

accelerations during a particular maneuver are compared to the actual vehicle

motions to produce an error signal which is then used to generate a corrective

control signal. The model so developed is particular to the NPS AUV II vehicle

although its structure may be generalized to other vehicles if specific

coefficient values for those other vehicles were determined.

For the development of the AUV model, the simplified case of

horizontal plane maneuvering is considered. Table 4.1 lists the symbols and

variables used in the model development. The variables used are referenced to

the global and body fixed coordinate systems of Figure 3.4. Only those

variables applicable to two-dimensional, horizontal plane motion are shown. A

dot over a variable indicates the time derivative of that variable.

In the case of horizontal plane maneuvering, the assumption was

made that the center of mass of the vehicle is below its body fixed origin (so
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TABLE 4.1 AUV MODEL SYMBOLS AND VARIABLES

SyboWai Des€rptom

X, Y Distance along global coordinate axis
x, y Distance along body fixed coordinate

asxs
uv Velocity component (surge, sway)

along body fixed coordinate (x, y) axis
r Angular velocity component (yaw

"rate) about body fixed coordinate (z)
axis

X, Y_ Force component along body fixed
coordinate axis

N Moment component about body fixed
coordinate (z) axis

7 Yaw angle
m Mass of AUV II

I= Moment of inertia about the body
fixed coordinate (z) ads

F External force applied to the vehicle

M External moment applied to the
vehicle

Subscripts

f External force or moment component
due to net hydrodynamic loads on thevehicle

uu, vv, rr Hydrodynamic force or moment
component due to square law drag

f,,• #'Hydrodynamic force or moment
component due to added mass

Prop Stern propulsion motor

Thrust Thruster
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that x(; is postive), while No and yG an nero. Additionally, it was amss ed that

the inertial properties of the AUV are symmetric. Therefore, the motions of

interest involve only the variables u, v and r (surge, sway and angular yaw

velocities).

The equations of motion for the AUV were then written as follows:

m6 = mvr + X,

my = -mur + Yr

I.f = Nu

q~r

u co ucc - vsin I

Y= usinq'+vcCosIF

In the above equations, Xf, Yf and Nf are changes in hydrodynamic

forces on the vehicle body resulting from propulsor action and vehicle motion.

They arise from hydrodynamic lift, drag and added mass origins. It was further

assumed that for hover conditions, lift forces arising from small angles of drift,

were minimal. The forces acting on the vehicle were then limited to added

mass effects, drag and the maneuvering forces generated by the thrusters and

stern propulsion motors.

The drag forces were modeled as being proportional to the square of

the velocity using the absolute value to account for direction. Using

dimensional hydrodynamic coefficients, the external force and moment

equations were assumed to be simplified to the following expressions:
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X- a Xbu + X.uluI+ Fp,,p
Y, a Y.*+Y* + Y.- jv + Y.,,I + nu

N, = N~f + N.* + N~rl+ N.,vjvj+ Mm,

i betitut ng these expresions in to the equations of motion resulted
h theIfolowin.

mu = mvr + X6u + X.uju+ F,.

my = -mur + Y,# + Yf + Yv~vI + Y r + F,,

IJr = Nt + N,v + NArr+N,,vfv+M,

+=r

S= ucosoY-vsinI

S= usin'Y+vcos'I

Unlike standard maneuvering equations of motion, the square law

drag terms do not nondimensionalize into a set of constant coefficient ordinary

differential equations with definable stability limits independent of nominal

forword speed

2. Estimatkm of the Hydrodynamic Coefecents

Relatively accurate values for certain hydrodynamic coefficients

(X6,Xin,Y,,Y,,N. and N,) in the equations of motion have been developed

and exp1rimentally verified by Warner (1991), however these hydrodynamic

oeflimM s were determined at much higher vehicle velocities than that which

would occur during hover positionn. Additionally, no previous estimates were

available for the remaining hydrodynamic coefficients for the square law drag
(Yw,,,YmNw and Nf) f
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To determine estimates of the hydrodynamic coefficients,

comparisons between the theoretical model and the experimental data were

made.

A computer program using Euler integration methods was written

using the equations of motion to simulate the motion of the AUV in the

horizontal plane. The code for the MATIAB (trademark of Math Works, Inc.)

program is provided in Appendix G. As a starting point, the hydrodynamic

coefficients determined by Warner (1991) were used. In addition, the

hydrodynamic coefficients for the linear drag were used as first estimates for

the square law drag hydrodynamic coefficients.

The program was run for each of the three positioning experiments,

comparing the results for one particular test, from each experiment. The

coefficients were adjusted so as to achieve the best agreement between the

model and the experimental data, with the hydrodynamic coefficients common

for all three types of positioning experiments. The hydrodynamic coefficients

were adjusted to one significant digit. Table 4.2 lists the initial and final values

for the hydrodynamic coefficients.

A large difference was noted between the initial and final values for

X=. The initial value was derived for the case where the vehicle was moving at

a nominal steady state, average speed of 1.5 feet per second (Warner, 1991).

Under these conditions, the stern propulsion motors are operating with a

thrust reduction effect due to the forward motion of the vehicle. This thrust

reduction can be modeled, similarly to drag, by a square law force as follows.
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TAUIZ 43 AUV II HYDRODYNAMIC COEFFICIENTS:
HOVER CONDITIONS

HYDROYNARIC INITIAL rimNA
COFFICIEINT8 VALUE VALUE

Xuu -0.4024 -3.0
Xudct -0.00282*377.67 -0.06*377.67
Yvv -0.10700*51.72 -0.5*51.72
Yrr 0.01167*377.67 0.01187*377.67
Yvdot -0.03430*377.67 -0.04*377.67
Yrdot -0.0017S*2756.S1 -0.00178*2756.81
Nvv -0.00769*377.67 -0.00769*377.67
Nrr -0.00390*27S6.81 -0.04*2756.81
Nvdot -0.00178"2756.S1 -0.001*2756.81
Nrdot -0.00047*20137.SO -0.002*20137.S0
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Fw = F. + Xn. utuI

where F. is the nominal static force of the stem propulsion motor equal to five

pounds (8aundu% 1990).

The final value of Xu from Table 4.2 can be considered to be

reresentative of the combined effects of drag and thrust reduction such that

(to one decimal places..
X= ,F.W, 21 XW (DM) + X. ,ft.",

X.n (DM)= -0.4

X,., -2.6

These results predict a steady state speed for the vehicle, at

maxamum voltage, of 1.3 feet per second.

& Theoretical Model ReeWits

Comparison between the experimental data and that predicted by the

theoretical model, for the yaw positioning experiment is shown in Figure 4.17.

The results for a 90 degree test are shown. The yaw position curve shows that

less overshoot is predicted by the model than that measured experimentally,

however the vehicle approached the final commanded position with less

oscillation. Similar dynamic characteristics are seen in the yaw rate and

thruster voltage curves.

The results for the lateral positioning experiment are shown in Figure

4.18. A comparison of Test 3 (se Table 3.2) is shown. The lateral position

curve shows similar dynamic characteristics between the model and the
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exlperimental data, however the model reached a peak velocity, of smaller

magnitude, soemr than th. vehice.

Siilrdynamic charact~ertcs are shown in the yaw position curve

for the lateral posi tioning exeiet as were observed for the yaw positioning

experiment. The model shows less overshoot end a more oscillatory approach

to the fia commandled position than the data. Th. difference in the steady

state positions, due to the stiction in the vehicle's thrusters is also shown.

Similar features agehown in the thruster voltage curve.

Figure 4.19 shows the results for the longitudinal positioning

experiment comparison. The comparison was made for Test 7 (see Table 3.2).

Very good agreement is shown between the model and the data for the

longitudinal range and surge velocity curves. The model shows the same

overshoot as the data with only a slightly oscillatory approach to the final

commended position. A slight difference in peak value and time of occurrence

is shown in the velocity curve. The same characteristics are shown in the

stern propulsion voltage curve.

The stiction in the thrusters end stern propulsion motors is shown in

the diff'erence between the yaw position curves for the model and the data.
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V.

This chapter documents generalized concusins of the results presented

in Chapter TV. Specific comments regarding the level of success in meeting the

objectives of this study are included. Recommendations for areas of further

study, related to the concepts discussed in this thesis are made.

A. CONCLUSIONS

Through the course of this study, the ability to achieve accurate acoustic

positioning capabilities of the NPS Autonomous Underwater Vehicle (AUV 11)

under hover conditions was demontrated.

Use of an independent self-sonar which provided environmental imaging

data without the aid of a transponder, along with the inputs from a free

directional gyro system provided adequate data from which to base vehicle

positioning commands.

Execution of the maneuvering commands through the use of stern

propulsion motors and lateral tunnel thrusters, proved vital in achieving the

ability to accurately position the vehicle, based on sensor data inputs.

The results of the yaw positioning experiment showed that an accurate

final commanded angular position can be achieved using the yaw position

inputs from the free directional gyro system and maneuvering commands

executed by the thrusters.
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Accurate lateral and longitudinal positioning, in the vicinity of a local

target, was achieved through the combined input data from the gyro and the

sonar systems, and the combined maneuvering efforts of the stern propulsion

motors and the thrusters. The stability of the positioning data relative to the

taret, however was dependent on the gain of the sonar. Overdriving the sonar

transducer resulted in unstable positioning data. This indicates that in future

missions, an automatic "sonar supervisor" must be included in the control

software.

The proportional derivative control law employed to generate the

maneuvering commands produced the expected vehicle motion dynamics. The

ability to change the dynamic motion characteristics (overshoot and

oscillation), was achieved by adjusting the control law gains. "

In the cases where the control effort was governed by a combination of

position errors (yaw position and range) as seen in the lateral and longitudinal

positioning experiments, the stability of the positioning ability was dependent

on the coupling effects of the two directions of motion. The motion became

particularly unstable in the situations where the position errors resulted in

saturation of the thrusters.

Motor stiction affected the error in the final commanded positions, in all of

the positioning experiments. The level of stiction in the thrusters limited the

ability to achieve the final commanded yaw position and lateral r. 'Te in both

the yaw and lateral positioning experiments. The experimental results showed

that the level of stiction was not identical for both thrusters, nor was it the

sam for either direction for one thruster.
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Thoe mter sules Whols were worsened in the cae of the longtudinal

iMe m atwhere th ern propulsion motrs generated a yaw

menaet m the eel whe was below the threshold of the lateral thruster

7h results of the thecreliel model provided adequate data to support a

me" based control effort, however, several effects which were beyond the

emve of this study, were not include& Some of which include the flowing

1. Motor stiction, as previously discussed.

2. Changes in thruster and stern propulsion force effects due to changes in
the velocity of the vehicle.

3. Changes in effects of the hydrodynamic coefficients due to changes in
Vehicle Velocity.

3. RICOMMNDATIONS FOR FUHER STUDY

This thesis examined the first experiments conducted to study the ability

of the NPS AUV II to achieve acoustic dynamic positioning during hover

Hondition. As a result, several related areas require furthe research.

Proportional derivative control laws were used to generate the positio

commands for the AUV with favorable results, however -tion of the

control law gins is still required. In additio, other types of control methods

which a , bshould be studied. In particular, sliding mode

t using model based command generators, should be examined for its

mitaboi to suoff t dynamic positioning behaviors without driving thrusters

Int stwaedcondhions.
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Fwther wak is required in the area af modlin the motion of the AUV

during hovwr csditiams. Certain areas of conen, suc as thruster and stern

propwu on motor t enut eoctivenss mid ydrodynamic farces require further

reMs Ch if gesatio f t the model were to be pursued.

Experiments should be acedu d, to verify higber levels of autonomous

operation by exuamning more complex motion behaviors, including longer

missions, combining moions eommuaded in sequence or simultaneously, using

either timed based or sensory data bend inputs as the basis for the selection

of behaviors.

Using sonar to ideaft obeM of intrest within the field of view should be

integrated into the capabilites of the robot submarine, although delays in the

a b of position related information are likely to cause positional motion

instability. A study and development of model based predictor/corrector

control is Mkly to be a rqir t for maintaining stable combined motion.

Invwetga•tons of disturbance response in the presence of water current

could and shiuld be conducted.
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APPI3n4 A A nU C U I 3WCK DIAGRAB

A imple block diagram of the zosjo equipment groups is provided on

th hKowing pop. 7W@ diara shows the basic system power paths and the

bmwt data traasr path. between the campoaents.
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APMS A3tWV U WUIin [W

h uwkticg hrd• the cwr mm lpMs- d hAUV is prusat• d on

For each itm dwwn, the tMp of upal carried or channel ms listed along

th ste do t ma pin-- m medr, wvap ratn and dulaip

Fotho wir details coa be found in the manufaturer'a technical

mdhr the Cnyk 0d*uofnea
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= a ST UPm a3 14t11119 \ATT11UIWIMN

Wlu n in CNo Trn cmIS TO/FUN

UT?• Uik =EmIm PH w toi wu COIit ADiC P.A.

BItT, FT w Us~ PS E PUT M 4VDC CITC 0, PT. C1

EA, SIN FM PT I, UOT UNS U US• 6YP/r CIS *al
an PON 200C TERN A, AP THRAU.LL
RED PON 14VIC FUSE UKOK It ITH Al)

PT I ST PON 2V1C FUSE U 1, tAICORP
PT C, HOT INT PON 24UYd GYRO/SCREM CIRC IRKA

in PON 24UVd TEOM Co PD1A TWAIRUN
PT I UT PON 24VIC FUSEDBLK 39SERVOAR9P
ACTUAT N o CTL 24YDC TERN Dl, POW THRIMLL
ACTUAT - OR6SRN 6D 6NDI/REF MISS

CIRC MURR, ANL06 P.S. PT Ao HNT POl 24YKd ANALCONP GATT
AN CUEPIERS 30 IP iNT POI 2YDC TERN A, RASTER RELAY

CIC owl, SERVO AWS PT C. KHT M 24UK GYRD/SCREN BATT
PT Co T PV 24YC 6YRO CIDRKER
30 AP HiT PO 24VDC TERN C, NASTEP RELAY

CISC Ni, GSROS HOT S6T P0124U PT Co I on SERVO CIA DRKR)
9 AM SiT POH 24YDC FUSE LK 2, GYROS

ANOH PON YPPY NR IALh DI6 us AN/DIG6 M .K US/REF CELESCO DEPTH CELL BOAPD T15
All usO All US, P U.K US/R2EF DATASOICS SONAR DOARD T2
A/i u AID us , P3 55Y US/1EF 10-l2A ShOUT (ADC-I 915) T P2
A/1 IND A/A US, Pn mRy U/E ICU-2A UKUT (ADC-2 SL 6) T Pi
anus nAll us, PS ILK 04s11F Y0 FIN COUECIOh
Af us At$ 00, P2 UK WUS ACOW P.S. (MTHp), C C ICON.

A/9nus m Wu,p It KK /w -ft24 6 USCINS
15 PU 5m L lP.-I OT M 1 . PIA-SA MST? T35
s PU WIlL P1-3 ST/SINI ITCTUL PIA-"A OW T37
PO SELI P-1' ST b4 WS NASTER ELAY TEROI
PI E001 PI1" UK PH m R 1i9 -24 US on KISS

5 PON F4 5 V5IUC PM FINEWR CUIIECTOI
+5 F4 i3 nMmiICS ICu-2A NUT (ADC-I), 2
45 P4 racm t
415 PU PS N3/UT +15 USC PON IPATAMIUlCS SW BOMD T3
415 pS 93 +15 US N CELICS BEPT CEiLL, 713
415 pS I/IST DIAl ICU-. UNIT (ABC-I), TO
-15 NOE lt i.K -15 USC P9M CELEtUC MTN CELL Ti1
-15 F6 ft cm
-15 pi now sin5 1W-C N19OW? IABC-1), TI
+I#PNO P7 som O i*U UF ONlY UB TEOM F
434 PTm +103 *IOUI F VWERfRBTERANI& J
*It Pi no 53 I1 I"i A NOWi? (AlC-I), 1i
1# re NO -e I US/L 079~ R AIESSTIN E

-P UU - W A VW S I=•W0 1UIL
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-14 Ps MI/LK DIAS I"U. IA NT (AKC-I), T4
FIBcm •l.MVE PFIN M-3 ILK -44 VIC RTN F6 00 TIl
Fl 01M RELAVED PO P9-I iNT -24 VIC RTN F6 195 T It
at= Ml WAVEDPNSI P9-H UT 24 VIC TlITECH CONIN P1N 3
Ff rUE IM1.1 RELAY raM. TIL P1O-3 ORN/ST TTL OT P1-W3 WROUT T50
FI OW F" K" COX1 TTL P10-I DWL/ T11 Oft PIA-3. IWOUT T40
iRiO Ki ll IM REAY CUT iL P10-I GIN ML CU PIA-3* MRlOUT T14

TWR T RLN To SPIN ORB 31 Al
NI CO, NN n fLh iE At OR6
INSIREIOUTIIVE T C VMT

ILK A NRT/ILK
6R1, BAT G DUS E LU SI PIN GYROS

iT/ILKK, GYROS F ILK PON, 241 AIMIPED TO E

RUN PLUG FOIR NORMA OPERATION
RASTER RELAY S810 D1 O116 It RED CNTL 24VDC CLOSE RASTER RELAY
24VK POl REo At ORB POW 24YVC JUIIPED TO DB
INSIDE/OUTSIDE OHT C WHT

ILK A WHT/ILK
GRN, ATY6MO BUS E BLf 6O0 SPIN GYROS

IHT/BLK, GYROS F BLK POll, 2V 2 JUMPED TO E

THRIMILL, PINER, AU ORG 91 ORB CNXL 24YDC PT RI, RASTER RELAY
INSIDE PIGTAIL TO RED At RED POW 24YK FUSE BLOCK 1, 1 AMP
INSIDE CONIECTIOWS WHY C RED CHU BYRD BA TERN C, RASTER RELAY

ILK A RED CH6 CORP DA TERN A, RASTER RELAY
w E ILK G1I BUD/REF NUSS

NINT/ILK F ILK POll RTI GYRO FUSE ILK 2

UWILICALItEICU 301 RED I1 RED CNTL I4YDC TOGGLE SI., CONN Al
THRU-HULL OUTSIDE ORB At ORB POll 2411K 1 AMP FUSE/SNITCH
PIGTAIL TO 1ILICL SNT C NHT CHARGE BATT 5 AMP FUSE, RED RECPT

il)3U A ORN CHARGE BITT 5 AMP FUSE, RED RECPT
KU E LU ISD ILK BANANA RECEPT.(12)
ILK F ILK PON RET St. TORBLE, COI E

FUiE KICK I, FiS IN MIT P1 24Y)C TERN It RASTER RELAY
5 AMP WNT PON 24YDC MNAILS P.S.
0.1 w NOT PON 24•C TUIMR PROBE
10 MP ilT PyPO SV1K ICON P.S.(2) 059, DOS
IN RED PON Z4VDK PT A, KASTER RELAY
lIP REi PON 24YVC PT AI, IPOWER TIHUILL

FS IKCK 2, AFT, IM0 IN ST PON 24YD GYRO CIRC 9R0
5 lP RED POl IMDC RATE GYROS (3)
2 N RED PON 24VK VERTICAL GYROS (2)
1 N RED POU 24VIK FREE GYRO POW1 INVERT.
RET ILK PON RTN RATE GYROS (3)
RET DIK PON All VERT GYROS (2)
RET ILK PON Rm FREE GYRO PON INVERT.
RE ILK POll RTN TON F, PON1 THRI1UL

an ̀ 7 -0



ff I I, Wm s iU W M IJPPLY iT PON 24VK TERN I, MATER RELAY
IN 5liMPS WlT PON 24VOC FOR/VERT THU SERVO T4•

116 5iS MY PON OVIC F iOR TH SERVO•T4
116 S MIS HT PON hVIK AFT/WRT TI1R SERVO T4
1is 5 tl PON11 24VK AFT/NOI THR SERVO T4
PUP 10# iS iT POV 2W STD MIN SERVO T4
PUP 1to111 W7 P9O hIK P0T MIN SERVO 74

FEE m (I" CRI 5 lIS iED P00 249C FEE GYRO T9N 14

Niew NuIS 358 ILK imU/lE NALOG P.S.iNAL ii
Nos ILK PON RTN TOITEK PROF. SONAR
PAS ILK POl RITN TRITEK SCAN SONR
NOS ILK PON RTO ACON P.S.(COIIPUTERS)
PAS ILK IN CONP./AIALOG DATT.,-
mIS ILK UID GYRO/IOTI IATT. ,-
IUSS ILK PON ITO TERN E, P00 THRUHUU
IUSS ORG/6RN POW ITN ACTUAT-, RASTER RELAY
DUSS ILK PON RTN ANALOG P.S.9,24 RET
BUSS ILK POV RTN SERVO NAPS, FUSE LI'3

059 ACON P.S. INVERTER 6ND 3 ILK PON ITN GND/REF BUSS
PON 5 WIT PO W24IOC FUSE ILK I
SENS B ILK SENS JUMIPED TO 9 I 13

ILK SNOIREF PON RTN RPA SENSORS
GOD 9 ILK-lINT GN/REF 099 COMPUTER GNU

ILK 6N//REF JUMPED TO 8 L 13
6NU 13 ILK COIN/REF ANAL P.S., ANAL Ui

ILK 60/REF JUIMPED TO i& 9
PON 10 VHT POW 5VOC OS9 COMPUTER

WINT POW JUMPED TO 11
POll 11 RED PON +5WDC RP SENSORS

HYT SENS JUWPED TO 10
PON 12 14T POM -I1VUC 099 -I1V2C SUPPLY

POW 14 WHT PO0 +1201C OS9 ÷I2VDC SUPPLY

099 Comm 6US ILK-WIT GOI/EF TEAM 9, OS. ACON P.S.
+5VDC WiT PO0 G5VDC TERN 10, W99 ACON,
+Ilaw HOT PON 41M.1 TERN 14, 059 ACON
"I- C WT PON -IMViC TERN 129, 09 ACON

OR I Iu UN ANION BAY CITRL, 1/O DREAK OUT lOARS (4)

US AEON P.S. WRIE1R 3 ILK PON RTO US/REF MS
5 liT
9 ILK SES JUMPED TO 9 & 13
9 I.K US/REF UMPID TO 1 13
13 IUK US/RF JUMPED TOB I, 9
10 lilT PON JUMPED TO 11
11 WT SEN JUMPED TO 10

13

w IP 1 mI I "N ILK Pm AIN PORT MAIN NOTO, ILK
2.3 1T WitPiN PORT NAIN NOTI, RED

-- win -------" ---• , : '• ... .. • • ••:, .,-,;•.,••!,: • +' ;._•• :,;. ,:/:•.••• • ....,. . . _....



3PSU ILK PSIm MUE KKK 3
4 NJ V.T SIT PIN 24V3 FOSEKOCK 3
CO a an silos i m To PIN 5
CONN 4 RED REF~ IN W-21BKOUTSLI IT30
co 5 REY - REF MA-0 IKOUT X.11 T27
CUSSI VIOL CURION ICtl-2ASL6pTO00
COIi l3911 PIA-3A, S 4, T 26

sm AMP ilif Nalie - PONllT STU NAIN INTOIRP ILK
a2+ UNT VAR PON STISNAINUNTON, in
3POMM ILK PONTH FUSE KOCK 3

SNJ 
VOLT IT PO 24VIC FR E K OM 3

CONN I an BIG a XWEITO PIN 5
CON 4 EMS + EF IN iC-21 IKOUT SL 7T32
COMS GEY - REF iAC-2••IKOUT RI T29
Cow I KU CURR mm ICU-2A, SL 6, T I
CONN 11 VIOL JINIBIT PIA-3A, SI. 4, T 24

SERVO FORMVRT THRUSTER I -N ILK PO1N RTN FOR/VERT TNIiRSTER,KK
2 +" 19T VAR M FORIVERT THRUSTERRED
3 PON So ILK PON RTN FUSEIBLOCK 3
4 HI VOLT MT POV 240WT FUSE BLOCK 3
COHN 2 GREY SIB SU JUJPED TO PIN 5
CON 4 DLU *REF IN DAC-21 DK1T S1 T34
CONw 5 GREY REF DAC-21 •SKOUT r 11 731
COI 8 YEL CURR RON ICU-2A, SL 6, T 3
C0NN 11 mmN INHIBIT PIA-3A, SL 4, T 22

SERVO FOR/OR THRUSTER I -H BLK PON RTN FOR/MOR THRUSTER, DK
2 +N UT VAR POV FOR/OR THRUSTER, RED
3 POUG ND ILK POIN RTN FUSE OCK 3
4 HI VOLT UT PON 24VIC FUSE RO 3
CON 2 SRY SIB OD JAWPED TO PIN 5
ciow 4 ILK +REF IN DAC-2D SKOUT SLlI T36
coo 5 GREY -REF DAC-28 BOIJT SL11 T33
COINw 0 lNT CUIOR IO ICU-2At SL 6, 7 4
CDow 11 YiL INNIVIT PIA-A, SL 4, 7 20

SERVO AFr•VNT THRUSTER 1 LK PO RTN AFT/VERT TNRUSTERDK
243 "T VAR POlU AFT/VERT THRUSM.,RED
3 POW ND ILK PONPIN FUSE LOCK 3
4 HI VOLT MIT PON 2VDC FUSE BLOCK 3
CNN a GREY SIgoS JUIPE TO PIN 5
CONN 4 VEL 41EF IN 4C-9 BKOUT SLIt T36
cow 5 -R I- KOUT SLIIT35
COI I LU D IO ICU-2A, SL , 5
COIIN! i RN INIIIT PIA-3A, SL 4, T 19

Dm AV MI THRSTER I -I ILK PON OTN AFT/I THRUSTER, UK
2.1N UT VAN PCN AFT/NOR THRUSTER, REn
3 PONI ILK PONKIN FVE IILOCK 3
4 NI VOLT UT PON U4VC FUS BOCK 3
COII an U16 IN JUPED TO PIN 5
COI 4 WT REF IN C-2 IKOUT Sul 740
CI 5 aEy -REF W-21 KOT Sll T37
coI I oil CI RON ICU-2ASL 6 T6
COWI II ON INHIBIT PI3A, SL 4, T 16

P1lP 1 $a IM AE WT VAN PON STI RAIN SERVO, +N
ILK xU. PO11W AT M AIN SERVO, -
Non uK USRF OS99 ACON P.S., I i

IWOA ONG TACN TIIA, k ?, T 3



ON * 4 Vtc No PON I CK Ol ACOI P.s.t 1 11

PW M 11 am in EI NK VAR PON PT NAIl IM•,,N
IL IUK PON WIN PONT MIN SERVO, -N
OI ND ILK wife ON ACM P.S., T I
IN )3 IA WI. TAC TIN- SA,UL 7, 1
WN~ 4 v: No Phh Dc 08 ACON P.S.0 T 11

lllUR, FRwIT 0E MT VIM PON FIWVERT MO, 4N
ILK ILK PO1N1" F/lVERT 9SEO, -A
IN N ILK iIRF 069 ACON P.S., T £
WI 3 DIN llU.K TAM TIN-IA, SL l, T 9
OPN 4 Vcc P1ON 5VS 099 ACON P.S., T 11

lIS ERl, FOMI SEE FOR/ERT
RPM 3 VIOL TAO IN-A, SL , T 10

nlUINSTER, IFT/MRT SEE FO/WIET
MPH 3IIA lU/lUI TACI l -IAL SL , 1 7

THRUSTE, AFTINOR SEE FOR/MIT
iPH 3 CHA HHT/IPU TACH TINlI, SI. B, T 8

FIN SERVO CON DOW SUPP.Y RED P09 5 VDC ANUAS. P.S., 5 VDC
OUT RED PON 5VYC FIN SERVOS 1B), T 3
OUT RED 5 VDC FIN SIGNAL PULL-UW BOARD
RET ILK SlD ANALOG, P.S., 6ND/REF
NET ILK ND FIN SERVOS (), T 2
REF GRE Y 6ND/REF TIN OIKOUT, T23 and T24

FIN SIlNI. ]DOW SUPPLY RED P09 5VDC FIN SERVO 5 VIC POW CO•N
inject 5VYC OUT iHT 5 VIC TIN DRKOUT, 711

WIT 5 VIC TIN BRKOUT, T12
INT 5 VDC TIN IRKOUT, T13
7IT 5 VIC TIN IRKOUT, 714

WHT 5 VIC TIN IRKOUT, T17
WHT 5 VIC TIN iRKOUT, TIB
WIT 5 VDC TIN IRKOUT, Ti9
my S VDC TIN IlKOUT, T2O

FIN, FR/liP I ILK-VIOL SIB TIN-IA IRKOUT Tl
I ILK BDI/REF FIN SERVO DOSD, SID
3 l PON 5 VIC FIN SERVO IWOD, POO

FIN, F1N51S1 1 LK-0R6 SBI TIN-IA IRKOUT T14
2 ILK SIDIREF FIN SERVO 3IUM , SD
3 oI PONO VIC FIN SUN D OAD, PON

FIN, FlR/PUT I I-IK-R SIB TIN-IA IWKOUT 713
I IL.K SD/RF FIN SERVO 30NW, SD
3 RD PON 5 VIC FIN SERVO DOA , P0O

FIN, FIN/TM I IL.K-EL SIB TIN-IA II1(OUI' T1i
a ILK MAUi[ FIN SE R OA3U , SD
3 oEn PUNS VIC FIN SERO INARDPON

FIN, MillUM I ILK-iR UsI TIN-IA IRKOUT T17



2ILK UI/REF FIN SERVO ROARD, on
3 RED PO5 VC FIN SERVO 101, PON

FilR 1TA £ IKUK-M 516 TIN-IA DKOUT
I ILK /• PIN SGEVO D01R, No
3 in PON 5 VIC FINI SE O NM I PON

FIB, AlT/Rl 1 i.K-0l6 SBI TIN-IA MOKUT T19
I ILK Nll/EF FIN SERVO NOM, 61
3 o FUN 5 VIC FIN ME BOARD, PON

FIN iFTI/T I ILK-oIk SIG TIN1-,A DIOUT TIB
2 ILK SMIREF FIN SERVO 1DM), UIN
3 RE PON SYDC FIN SERVO OAR, PON

GYRO, PITCH RATE P.S. REF A ILK END/EF FUSE LOCK 2, ND
P.S. +K I RED 24 VC FUSE BLOCK 2, C ON 5 AP FUSE
SIGNAL * D JAN ANALOG Si1 ICU-2A DKOUT (AM-2), TB
SIG. -REF E OAN -10 VDC EF MANLOG P.S. BOMD, T PS
SIB 4W F Wr +10 VOC REF ANALOG P.S. BOARD, T P-7

GYMR, ROLL RATE P.S. REF A ILK END/REF FUSE KLOCK 2, GND
P.S. + DC B RED 24 VOC FUSE KOCK 2, COMlN 5 MW FUSE
SIGNAL + I ILK ANALOG SIB ICU-2A DtOUT (ADC-2), T9
I1I. -REP E GRN -10 VO C REF ANALOG P.S. BOARD, T PG
SIB.REF F UI4T +10OCREF ANALOG P.S. BOARD, T P7

GYRO, AN RIATE P.S. REF A IKK NS/REF FUSE BLOCK 2, MND
P.S. + K I RED 24 VC FUSE KOC• 2, CONU0N 5 W FUSE
SINK1 + D IT ANA SI6 ICU-2A i•OUT (ADC-2), TI0
SIB. -REF E UN -10 YE REF ANALOG P.S. WARD, T PS
S16 4EW F WT +10 VIC REF AALOG P.S. IARD, T P7

ra, VERTICAL P.S. + K A inE 24 vY FUSE ILKM 2, COIN1 2 AMP FUSE
PMICK & ULL MIKE P.S. W 8 ILK US/IREF FUSE KLOCK t, BIG

ERECT01IDIT C PIT . ITrL 3UW TO)

BCI Cra I ml C.IA. Tm P TO C
us. E, U E BRe) +10 VIC REF ANALOG P.S. IMMD, T P7
in,.. .,, + -,, ,o , VICREP UKEIR,,PI,,
5no. - RI M N M/ILK -10 VIC REF ANALOG P.S. OURI, T PI
SIG. -RMo ILK L MILK -10 VIC NE SAM MIRE, ETF
PI101 MUS, 11B F VN ANN SI16 ICU-2A DOUT (ADC-2), T11
IRIL MISL, Ill K VIOL ANALOG SIB IC-HA MSWOJ (ADC-), T12

InI, FM, P.S. Inia K am IA 10 PON 115M Fl if 5 CON., T4
A COWIN E1 W1 At S/EP F6 N8 5 OC ., 17
AINPUT 3 ILK PONl4 I M FS N 5 ChN., T6
K I551 RI twist pairMlI IYIC GYRO FVUE NI (REO PON), IPFU



KIMI x ILK KCK/IEF UYMOME10 LK via Thru-M F-E

Ft FiOE R S ED $16 83 VNIRO Pitt:1 T5
&Une A•"IU u IN IEM IW EF I D ROM Pitt T3

3 HT a CONN P.S. T15, SYM FROI0 1 TE
AIc P 4 ED P 115 WIC P.S. T1

Scon 5
AEP I" ILK PONi ViC P.S. TZ, C WD FiPst TI

7 UNT Acin COINIs TO T3
aImCE 11CMT I N TTON ML TRUE Pl1-I. IRWT Ti3

9 ST/EID DI iUI PA-MA DMKBUT T3
10 WT JUNPE TO T9

UNCl! (OIT) It WT PON PICAG! RELAY vim ANAL MD P9 T2
CAE (0N) to ILK PON CAGE RELAY via ANAL ORD P9 T3
" con 13
POV FOR (UI)CA• 14 RED PO 24 VDC SERVO ANP FUSE LOCK, 5 AMP, F13
CASE INDICATE 15 WHT TTL LO TRUE PIA-3A DIOUT T26

16 iT JUNPED TO T14
n Conn 17
S1 Is SN SIB 91 SYNCHRD P1:t 14
no Conn 19

BYiO, FREm, SVNCD OUTtPUT RIiON. GSY DIG/ .AL RED 34 CONN TO NFI-I SL 12
RESOLVER DOW OUTPUT SEE SCHEN. NDIOR T.C.
SOTE-takes pmer fro# PI:1/J 1:1 1 ILK IP REF HI
coaputer, not gyro 2 WHT IP REF LO

3 ORNSI S2
B4N St

5 RED S3

THRINIULL #a, RU3M VH; BIN RIBBON 099 NFI-I 9,12 T1
TEILE CALE COLOMS B93 ORB RIBDON 099 •FI-1 9112 73

ILK MRK RIDB190 0S9 MFI-1 SLI2 T5
YEL B6K RIBON DU0 NFI-I SL TI
RED ORB RIBiON DOS NFl-I SL T3
BLU IMA RIMBON DOS MFI-I SL T5

TINIUIUL #1, mm13 ST INN RIMBO

CS Tio S ILK UIN RIM
VEL on RIVION

OLD WIN RIMK

T3ITSK WILr N DATA SIT A RED NI m31 FLYING COI
FLY CON # 1ATA IN m RS 323e
to0 P111 nolt CILMS Ki PON C my + 24VIC

US/RF P ILK i/REF
V" OIUT E OUS IMKSSIC
'a.iss. Ti m tm

V



IM111 1 111 i ATA BUT A RED/ILK t5 23 FLYING CON
PLYU a NITA IN I sUK'hL Rs m
iOPil p n oLa K PIN C lIT/Ji 24 VIC

NUIU I ku NID/REF
iIW BifT E IORI/ILK ,AL0 KD '

FLYING WINIu G Co. DATA OUT A IE/4 R6 2 OUIT PIN 4, WiT INIB0D MIRE
11ITECt FUFILER DATA IN I 6101/3 IS 2 IN PIN 3. G INS

C PON C INTI +24 VIC PIN Is HT INI
15fiEF I KK/2 INI/REF PIN 21 ILK 9 GRY IIN
ANLIOG OUT I OR/15 AINAL06 K NOCON

FLYING OUTIOMI CONK. DATA OUT A RED/ILK/9 RS 231 OUT PIN G, RED INBOARD MIRE
TRITECH SCANNER DATA IN I GRNJILKI9 RS 232 IN PIN 9, ILK IN1

Dc PON C OMTITL)F7 +424 VDC PIN 7, VMT IMN
GND/REF 9 BLU/6 GBD/REF PIN 6, BLK & GREY INE
ANALOG OUT E OsiLkh10 ANALOG Dc NO COEN

FORMARDI 10 PIN THRU-HULL K PON 1/C 14T +24 VDC ANALOG P.S. T P9-1
INBOARD CONN. PON 6BUD 2/D ILK BND/REF -24 VDC GNU BUSS
(TRITECH SONARS) 2/1 BEY 6ND!REF SI0-18 CARD, PIN 13, PROF PORT

DATA IN 31/ GEN RS 232 Si-Il CNDo, PIN 3, FROF PORT
DATA OUT 4/A MI.T RS 232 SIC-1B CARD, PIN 5, PROF PORT
ANALOG SIG 5/E NO CONN
POl GBUD /ID DLK 6ND/REF CONMONED TO PIN 2

6ID spY BND/REF SI-19, PIN 13, SCAN PUT
DC POM 7/C ilT + 24 VDC COINONED TO PIN I
DATA BUT 9/A RED RS 232 SIC-11 CARD, PIN 5, SCA"t PORT
DATA IN 9/1 ILK RS 232 SIO-1B CARD, PIN 3, SCAN PORT
ANALOG SIB IOIE NO CONN

FOAMAD 4 PIN TINI-U
OUTIMD via FLYING CONIN 1 (C) i4IT S16 + TURBO PROBE PULSE + (RED)
(A,3,C,D) 2 (3) ILK 6NU/REF DATASONICS SONAR REF (BLK)

3 ID) BRN 6UD/REF TUIBI PROBE REF ILK)
4 (A) RED SIB + DATASONIC SONAR SIG + (RED)

FORURD 4 FIN TiU-HILL I (C) WT S1B + T PROIE CIRCUIT BOAD T5
lImNh a (B) iLK 6111lEF DATASONICS CIRCUIT BOARD INPUT TI

3 1D) ON BUDIREF T PROBE CIRCUIT BOARD T6
4 (A) RED SI6 + DATASONICS CIRCUIT BA INPUT T4

ATAMiiCS SiOE TRAM. SIG. A RED SIB + TO 4-PIN BULKHEAD CON
(FLVING CINi) SIB REF I ILK SIB REF TO 4-PIN BULKHEAD COHN

MT MiSSICSlR RD IIIPUT COI. 4 * RED SI6 + SOW SI6, via F iARD LH CONN P4
IUT CONI. I ILK S16 REF SONAR SI6, via FARD BULH CON P2

amma mm RiE D T7WRISTER
No low ORN TKERIIISTER
t1 Pis I ILUIILK NO CONN ElT. KEY INPUT

_ < .
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a iLi iinss • L ....

It I Pll I S P.II. +1 " SUPi L

it 10 m0

lel CEL Tlml

TW Iqg iOIm I so €orifPON 2 MY PON E4 VC FUE ILK I (MLASTER RELAY)

EI•II/E 3 IL.K W/REF w EF BiSIB OUT 4 WIT PULSE 16 YINl OUT T4

S1B IN 5 WTl SIG + INP - 1 via 4, PINl THA-H 71 + RED (C)
S16 REF 6 6RN S1I I1P REF PROBE via 4 PIN THR-H T3 + JILK (9)

TURBO MW TIWOS S16 + WHYl IN AUV RED 10) + S16 TURBO P CARD via FLY COM + i PINl
Big lREF BRN INl AV ILK (0) SIB REF TURBO P CARD via FLY COHN + 4 PIN

WS SIFFCEIVEl

WFS ANTENNA

TWIN- st 7 to p 1 YELL, ie PT - IM T3

its NE•I (0l#3) ! late a 3 ONG6 RPll Sli STIIS SMB WNl T3amW . NOT 6 fall 3 4 L WL BIG TURBS PRB
(low) 4 Wo, 4

it a 23 IRY so FIlN SERVO NOM, 60P# 5 VICUH Nal4 FPSI ITER RIMU, i Y

TWIN REt 1 10 It L 9 MILK IR Sig F.Y. TKI SS T3
i Im WAA) I left, a to wli.t AN lie F.M. TO "l 73Sm.Iam O4 lteW ILVItT Ps Sit A.T. 7R In T3

4 pit 4 1iT MIU IWP A.M. TO A"lTHR -I3

aM M Y FIN IMl HO M,
mR on FIN POv1PIt- L

TIIO~uhlothS 436 VICEAU REIC +91 TUIL PCm~vILCIJ+
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It1-14 no1f 7 nt 1! VIOL cm FO TOP FIN, T 1
VAsn1*08s) 5 "t a 1I VEi OIFRI.T TFIN,1
Nu6 am 9 int 1 t m11 CO13 FN IMFIN, II
onto) 11 set 4 13 m am FUR PItT Fil, I I
5 K w emm 17,1,1*t19t WIT 5 UIC FIN IMRO IiUECTIOS BOARD

13 sat 5 14
17 MCI is
"1 S 3 mrn FIN uEMVDOu Ium
to US ft on a FIN ERVO 90 l ISm
1,1 *1 VI 1E0-016 PON TElR 0 IL 5 ISOUT

Ti-IA SLOT 10 7 -nt 1 17 UNT aImI. AMt. FIN, Top
in S 1*l,9,4) 5 bet a 1t IEN Cm Aft. FIN#, Iettos
M1 . low 9 "t 3 20 611 CITRL Aft.Fin, STOD
II•V ) 11 out 4 19 ORS CI. Aft.Fin, Port
5 VI INJECTION 17,19,19,20 IHT 5 VIC FIN SERVO INJECTION BOARD

13 out 5 22
15 Feat 21
19 on 23 GND!REF INTERN 6G0 + FIN SERVO BOARD GND
20 US 24 6W/REF INTERN 61 + FIN SERVO BOARD 6ND

25 SPY 6D/REF JUAPED TO T23
SPY 6KD/REF SWPED TO 124

1,12 +1m RED-ORG P0au TERN 0 S. 5 IRKOUT

1AC-11 SLOT I1 1 27 KREY GND/REF PORT S SERY T5
40 NEI IA5) 2 30 RED Ch.1 PORT S SEWV 4
INt. lKoIwI 3 29 GREY 6W/REF STD S SERV 1'5
OB S51 BUT 4 32 016 Ch.? STID S BERV T4

5 31 GREY ., .f F V TH SERV T5
6 34 BLUE CH.. F V TH SERV T4
7 33 GREY 6BD/REF F H TH SERV TS
8 36 ILK ch.4 F H TH SERV T4
9 35 GMEY UID/REF A V TH SERV T5
10 38 YEL Cm.4 A V TH SERV T4
11 37 MY W1/EF A H TH ER T5
S1 2 Ch.6 A NTH SERY T4
13 39 nIIIF
14 42 !•.7
15 41 SI/REF
16 44 C1.8
17 *15 VUC 43 415 K POR Internal K-K PIr
a415UK VC 4 *15 KC FOR
19 -ISV 45 -15 IIIl '
24-ISf K l41 -15 K FI "

C- IC ) OLT 4 ClUMlIT OR 0 VIOL ANAL. III PORT SCREM SEV A To
a NEI I(41 IC R O 1 I I) ANAL. iB SlID SCREU SERVO A TI

imum 2
a" woo me 0f 3 vE RIL. S16 F V TH SERVO W To

m 4 SIT IAl.. I F H TN • W E ITO
ONTS 5 OLU ANALUSM A VTH OEM WNITo
t 4 U AWIL I Ai V TH SERVO IP TO

I" am UPS 7 tIL WIUL. UI DIPT CELL CARD TIO



auum two PI 16111 1w ANAL. 616 PtcN late 6yro, PIN I
RA o MILLU MR 9 IK-U AL. S1] hi late6yro, PI
an U VAN all to NT-Il-U AlL. S16 Yam Rat* 6yre, Pill I
IhTla so1 P1iCm MAN" 11 11A IML. I16 P"cb Ag. yroe PIN F
WIINRIL A tLL 6 12 VIOL IKAL. $16 RolI Auq. tyro, PIN K

110M0= 13 T/ILK/M IN K. 136 WTAS SItD cm, TiI111! NW 14
TIlT IhKI'? 15

We JUN KS IIALIDIS DIEY 5lE/EF AN/316 INS MAL P.S.

AMC-I 11I ), K. 5 415 VIC SUPPLY 0 El/vl T AWL IIAlAN 151/ TERN ANL . P.S.
to Kit, hAL P.S. 0 REI/OR M +15iDC TIN CARDS PIN IE (4)
INCL. DIM -15 VIC SUPPLY I MI/ILK MIL I11 - 15V TEN ANAL P.S.
IlAINOSTICS +5 VIC SPPY 2 RED ANAL. 1IA 5 Y TERN ANAL P.S.

+10 VIC SUPPLY 3 OR!RED ANAL DIAG 10Y TERN ANAL P.S.
-IOVOC SUPPLY 4 OR/6ILK ANAL 116N - 1OV TERN ANAL P.S.

5
6
7
9

10

P2 GREY 6NIDREF AN!DI6 64ID ANAL P.S.

PIA-A•A SOME!, L.4 1 +12 not ConnKC
MlL INPUTS PE VIAl a -12 not cont 02
INCL. IMKOUT 3 +5 01 tiNT + UK TO SERVO AMP INVERTOF CHIP

4 +5 04
5 W 03 lIT/RED DIG6 OD FROM FR 6YRO PIN 9

03 WHT 16 6D TO SERVO ANP INVERTOR CHIP
k IND O5
7C12 05
8 CAI O
9 ci1 07
10 CAI 10
11 P27 09
12 PA17 i
13 1 11
14 P" 14
15 15 13
144 m 16
I7?4 15
I "PM is
19 m 17
20 m 20
It E 19'

at Ile Be

t PAI 24
Fe Im NIO "3 in TLLO/TRUE FREE6Y15l, PIl
F6 WE SICHI a 1P 3b gt TTL LOITRIE FREE 6R 02, PIN 15



F" ..4 it g 4 1 #1i Nt eta
IlL Milom"in 1 -Iit Ccm

II Pr 36
a cm is

159,7 36
P.am It PC 0 1t73/- v x Aht M NII/TU AiAL P.S. T 1I-1

13 ph U
P.U. am 14 P" +v 17 Uht/bra T TII/TfU ML P.S. T PI-3

is P15S 01
1I1MU UIM I5IMiIT 16 PM h.i.Thr H ght-T 131 INIT I IMMIER NOiW T 1

17 M4 42
TMI IIR l U1111T 13 M A.V.lbr 41 obt-41 TTL lilT NI INVIETER IM T 4

it P13 4

1JSTER SEMY 111T 20 M03 F..Thr 43 vht-43 TTL IlIT NI INV in T 45
TRITEC SM ON/SIP 21 M1 Tritlih 44 gros TL LB/TI ANA P.S. P10-1
TIMTER SEON I1IT 22 PHI F.V.Thr 45 Uht-45 TTL IN13 HI INv No3 T a
FREE IY 23 P31 Uncage 48 grn/blk TTL LI/U ANAL P.S. P14-2
CEN SEVO IIIIT 24 PAIl Stb Screw 47 obt-47 TTL IMIT HI INV RD T 17

FREEi IM 2 PO Caga 50 ornt/ht TTL LO/TRU ANAL P.S. P10-3
mE SERVO 13i111 2h PA0 Port Kcrow 49 uht-49 TTL IMIT HI INV RD 1 15

IlL INIERI FOR
P16-39 ml gem91

AX.I. T I & T39 9-12 OR6 TTL LO/ITRU A.H.IH SERVO IAM T-11
i.V. Til 11M1 T41 i"14 oin TTL LOITRU A.V.TH SERVO AIP T-11
F.N. TH1 1ill T43 4-16 YEL TTL LO/TRU F.N.THI SERVO UlP T-11
F.V. TIE 11111 145 2-is IRA TTL LOITRJJ F.Y.TH SERVO ANP T-11
513 K ImE T47 17-3 VIOL MTL LO/IIU STI SCRV SERY AMP T11
0 S1 CE l oll13 T49 15-5 BLUE TTL LOITRIJ PT SCRU SERVO lP T11

+ MW FIU, "mEIT TI 1110,19 UNT PUR PIA-3A R•OUT TI
6III PIA fO0DT T3 20 HIT M iON PIA-3A MKOUT T3

WI-II armes 7"0 Mxe slat 109.3,7) slot I1
aI1111I, 1IEET FLAT MONK3 M.

361 5 334 PIN CSM. 11NI1-1 DOW1 Fill SYTIOE 3M13.
All signals tolfro Pa to SyMrs tb ligital hwd from M
it Fmutism signl PE F tisn Signal

1 .2a -12

s M my4 1
7 CU I ca
9 51 to cmt
11 3m 7 t lohlbit It PC lit 7

13 Ph bay 14 Pb litA
Is PIS lit3 s 1 PM lit5
17 M b I s11 11 lit 114
19 FE ut It 20 PU lit 3

U P s 10It m lit IIt on lit f PM litI

Ti No SItS Ti IWO a1
17 3 onte U 3 comuctioe

39 lmrSI £ T4 TImu*h~



* ~hU K butu K

• - mtet 5101 It 0 FIN I 3 U U TNR-± * WT
O I p cm.. I P 3m

""I CONNI K PIN 4
m 5N all-i CO •MI-i lt, IL

113 FIN Im Pit 9
PIN 10

mal-s11111 DATA IN PIN 3 KIM, OR6 RS in 10 PIN FWO TWI-MILL CORN, PIN 3RI2 1311C PUIL•R KTA WT PIs 5 9110 gm No 23 10 PIN FiWD THRI-NI. CONN, PIN 46/11F PIN 13 Rli, OIB R2m 10 PIN FIVADT IU-IL COI, PIN 2
as MTRIIECH CIB DATA IN PIN3 RID,OR6 5232 10 PINFUND THRU-•fLL Cam, PINg9

DATA UT PIN 5 RIDGRN RS m 10 PIN UFWDTHj-HU L LCON, PIN 9US/REF PIN 13 Rill ORG 35 232 10 PIN FkAO TNRU-NaLL COIN, PIN 6
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BUOYANCY TEST 02/04/94

ITEM Xin Yin Wt(lb) Mx My
FWD VERT THRUSTER ASSY 14.0 10.0 5.0 70.0 50.0
FWD HORIZ. THRUSTER ASSY 6.3 7.0 5.5 34.4 38.5
AFT VIERT. THRUSTER ASSY 49.0 9.5 5.0 245.0 42.5
AFT HORIZ THRUSTER ASSY 56.0 6.5 5.5 308.0 35.8
MASTER RELAY 10.0 11.0 0.5 5.0 5.5
BATT. COMPUTER, ANALOG, 2 FWD 20.5 8.0 54.0 1107.0 432.0
BATT. MOTORS, SONAR, 2 AFT 41.8 7.6 54.0 20254.5 410.4
BILGE PLATES, 2 FWD 9.5 8.0 3.2 30.4 25.6
BILSE PLATES, a KID 31.3 7.8 4.0 123.4 30.8
BILGE PLATES, 2 AFT 50.0 7.6 2.5 125.0 19.0
HULL 8 SERVOS, MPROP, 4 PLATES 33.3 7.9 150.6 5007.4 1189.7
NOSE, EMPTY LESS ILB BUOY. -7.5 8.0 1.3 -9.8 10.4
FINS G6, META CENTER AT CG 31.3 7.8 5.1 159.4 39.8
THRUSTER P.S., 4 Midship 31.3 9.0 6.4 200.0 51.2
"MAIN PROP P.S., 2 fwd 14.5 8.0 3.2 46.4 25.6
COMPUTER/ANALOG P.S. (2) 21.0 8.0 4.2 88.2 33.6
VERT. GYRO w/BRACKET 14.0 13.0 2.0 28.0 26.0
RATE GYRO(s) 13.0 3.0 3.9 50.7 11.7
FREE GYRO + MOUNT 49.0 2.3 3.3 159.3 7.5
INVERTER FOR F. GYRO 47.5 12.9 1.4 66.5 17.9
NUT PLATE 33.0 7.8 4.5 148.5 35.1
OS 9 CAGE (right) 31.3 5.0 4.2 129.7 20.8
OS 9 CARDS (0.451b x) 12 31.3 5.0 5.4 168.8 27.0
486 CAGE (left) -lead 31.3 10.0 3.6 114.1 36.5
486 CARDS (0.451b x) 3 -lead 31.3 10.0 1.4 42.2 13.5
RIBBON CABLE INTERFACE (4) 41.0 7.8 1.5 61.5 11.7
TURBO-PROBE INCL. MOUNT -2.0 4.0 3.4 -6.8 13.6
WIRING, MISC. 31.3 7.8 3.0 93.8 23.4
DIFF. GPS REC.+ANT. (0.9LBS) 0.0 0.0 0.0
GPS RECEIVER 0.0 0.01
6PS ANTENNA + MOUNT 10.5 4.5 1.0 10.5 4.5
TOPSIDE THRU-HULLS 14.0 8.0 3.0 42.0 24.0
T725 SCANNING SONAR -8.0 10.0 2.6 -20.8 26.0
TI00 PROFILING SONAR -5.0 10.0 2.6 -13.0 26.0
TRITECH SONAR MOUNT, WIRES -7.0 10.0 3.0 -21.0 30.0
DATASONICS SONAR + MOUNT, WIRE -4.0 6.0 2.4 -9.6 14.4
BUOYANCY, SONARS -6.0 9.5 -2.0l$ 12.0 -19.0
BUOYANCY, SUPP"S, T PROBE -4.0 8.0 -0.6 2.4 -4.8

TRIM LEAD by F.GYRO INV. 51.0 12.8 4.5 229.5 57.6
TRIM LEAD, aft 63.0 8.3 5.9 371.7 49.0
TRIM LEAD, aft of computers 38.0 7.8 8.9 338.2 69.4
TRIM LEAD 51.0 4.0 5.0 255.0 20.0
TRIM LEAD, ftwd of computers 24.5 6.5 4.4 107.8 28.6
TRIM LEAD, tweak 38.0 8.3 0.3 13.3 2.9

TOTALS lbs-TOT 388.5 12155.2 3010.7

C.8., XY INCHES FROM DATUM 31.29 7.75
EST. RESERVE BUOYANCY (FRESH) - LBS. 0.5

NOTE: X DATUM IS FORWARD OUTER HULL EDGE, POSITIVE AFT
Y DATUM IS INNER STBD HULL SIDE, POSITIVE TO PORT
DRY C.G.(in) XY 31.25, 7.75

L2 V""
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AUV NEW CDCG (CTR-BUOY CTR-GRAV SEP) 02/04/94

ITEM Xin Yin Zin Wt(lb) Mz
FMD VERT THRUSTER ABSY 14.0 10.0 4.B 5.0 23.8
FWbI HORIZ. THRUSTER ASSY 6.3 7.0 4.8 5.5 26.1
AFT VERT. THRUSTER ASSY 48.0 8.5 4.8 5.0 23.8
AFT HCRIZ THRUSTER ASSY 56.0 6.5 4.8 5.5 26.1
"ASTER RELAY 10.0 11.0 1.0 0.5 0.5
NUT PLATE 33.0 7.8 9.5 4.5 42.8
DIFF BPS REC.+ ANT 0.0
SPS RECEIVER 0.0 0.0 0.0 0.0 0.0
BP ANTENNA, MOUNT, WIRING 10.5 4.5 13.0 1.0 13.0
BATT. COMPUTER, ANALOG, 2 FWD 20.5 8.0 3.5 54.0 189.0
BATT. MOTORS, SONAR, e AFT 41.9 7.6 3.5 54.0 189.0
BILGE PLATES, 2 FWD 9.5 8.0 0.4 3.e 1.3
BILGE PLATES, B MID 31.3 7.8 0.4 4.0 1.6
BILGE PLATES, 2 AFT 50.0 7.6 0.4 2.5 1.0
HULL 8 SERVOS, MPROP, 4 PLATES 33.3 7.9 4.8 150.6 715.4
NOSE, EMPTY, less 1 lb. buoy -7.5 8.0 4.8 1.3 6.2
FINS, S, META CENTER AT CS 31.3 7.8 4.8 5.1 24.2
THRUSTER P.S., 4 midship 31.3 8.0 4.5 6.4 28.8
MAIN PROP P.S., 2 fwd 14.5 8.0 4.5 3.2 14.4
COMPUTER/ANALOG P.S. (2) 21.0 8.0 8.0 4.2 33.6

VERT. GYRO w/BRACKET 14.0 13.0 3.0 2.0 6.9
RATE GYRO(s) 13.0. 3.0 2.5 3.9 9.8
FREE GYRO + MOUNT 49.0  2.3 4.0 3.3 13.0f!
INVERTER FOR D.G. 47.5 12.8 3.0, 1.4 4.2
TOPSIDE THRU-HULLS 14.0 8.0 10. 0 3.0 30. 0
OS 9 CAGE (right) 31.3 5.0 5.5 4.2 22.8
OS 9 CARDS (0.4 lb x) 12 31.3 5.0 5.5 5.4 29.7
486 CAGE (left) 31.3 10.0 5.5 3.6 20.1
486 CARDS (0.4 lb x) 3 31.3 10.0 5.5 1.4 7.4
RIBBON CABLE INTERFACE (4) 41.0 7.8 7.0 1.5 10.5
WIRING, MISC. 31.3 7.8 8.0 3.0 24.0
TURBO-PROBE INCL. MOUNT -2.9s 4.0 4.93 3.4 13.6
DATASONICS SONAR, MOUNT, WIRES -4.0 6.0 2.5 2.4 6.0
T725 SCANNING SONAR -8.0.;j 10.0 5.5 2.6 14.3
T1000 PROFILING SONAR -5.0 10.0 5.5 2.6 14.3
TRITECH SONAR MOUNT, WIRES -7.9i 10.0 5.5 3.0 16.5
BUOYANCY, SONARS -6.0 9.5 5.5 -2.0 -11.9)
BUOYANCY, SUPP'S, T-PROBE -4.0 8.0 5.0 -0.6 -3.0

0.0
TRIM LEAD, by fr gyro inv 51.0 12.8 1.0 4.5 4.5
TRIM LEAD, AFT 63.0 8.3 3.0 5.9 17.7
TRIM LEAD, aft of computer 38.0 7.8 2.5 7.2 18.0
TRIM LEAD, by fr gyro 51.0 4.0 1.0 5.0 5.0
TRIM LEAD, forw of computer 24.5 6.5 2.5 6.1 15.3
TRIM LEAD, tweak 38.0 8.3 8.0 0.3 2.8

TOTALS lbs-TOT 388.5 1651.8

BG-CTR-BUOYz - CGz, INCHES 0.50
RESERVE BUOYANCY (FRESH) LBS.-est. 0.5

NOTE: X DATUM IS FORWARD OUTER HULL EDGE, POSITIVE AFT
Y DATUM IS INNER STBD HULL SIDE, POSITIVE TO PORT
Z DATUM IS INNER HULL BOTTOM, POSITIVE UP
CTR-BUOY(in) X,Y,Z 31.25, 7.75, 4.75
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Tbhe AVlpm for tOe KRaba Afthr, In C surc cods, Is provided on tho

lagpoes Viodty and- cosl dt t otine by eztractig an

t derwi and second derivative, of sonar range data using

the sAproram. The filter also provides a smooth position estimate.
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mls( p& , xkO. ,ak1 o ,k..2 )

ieuble yb.'a 0.dO *3k 1, oak_2;

4kb%*e xki O,kl la,xk_ 2sdoubt* IpUrlnlT!3 [ T,bl3 I,-b[ 31, lk i3 Ites, q, r,

/* 'in(0 1 a;l 0 110 00Ol phtluuxpO(a*O.1), vker dt a 0.1 0/
b(Sl o. *A.
bill - 0.0;
b(2 -, 1.01
,' Phil a 11.0 0.1 O.OOS

0.0 1.0 0.1
0.0 0.0 1.01 */

-pitiiOl 0111
phi1(0(2J 0.0051
p 111Ol) j 0.0;
=! 1)1 1.01
.phiII1II2] - 0.11
phi121101 a 0.0;
phil(21]11 - 0.0;
Phli(21]21 - 1.0;

rv , 0.1;
q - 0.01;
/*thres - 2.0; Global Nov */

/* h - 11 0 01; */
b(o] - 1.0;
h(1J - 0.0;
b(21 - 0.0;

if(kallinit -- 1)

*xk 0 " k;
*xk-i1 ".01
*zk-2 0.0;

/* kl,,zk; */
xkl 0 - *zkO;xkl--I a *zx~l;

kl-2 ,m *xk 2;

/* Set 1k m coast. */
lk[IO , 0.25441
lk(1) * 0.3727;
lk[2] - 0.2731;



i * ph llOeI[e](*xkO) + phil(O](1J*(*xk 1) + phti(OI(21*(,xk 2);
Xk:l- 1phil|2)tOJ*(e*dt).) + pbli(ltl))*(*xk1l) + phiLilJ(2J*(*xk-2),
akl--2 -pklL2j( @O*(*xk.O) + phlit2](1]*(*xk.l) + phii[21(2I*(*xk:2)g

Sreee(yk(i)-h/zk2(sl))g */
fee a yk - (h(@J*ak1 0 + h(1]*xkl 1 + hI2]*zkl 2);

/* sot re8 - 0.0 if 1ergot than threshold '/
lf(fabs(res) > thres)(

reo - 0.01

/*zk(:,l.1).xk1(: 1 i) . 2lk*ers; *1*xk 0 xkl 0 +. lk(O]*cos;

*xk-l - xki"l + lk(lJ*res;
*xk-2 - xkl-2 + lk[21*res;
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-&Ur 8 AtKGMC• UOILO ISUV UZNG IN35r oRIrTAJ PLANS

WAD MDATA fm TT
law G*erl2;

Ia - 41256;
31 - 11001
dt - 0.1;
t 1 @:Gdt:dt*wPm]

DWItV Of YAW;
b4(1) m (h(2,2)-h(1,2))/0.1.
for I - 231p,

hd(K) - (h(K1+,2)-h(K-1,2))/0.2;
e*ad

FIND SCALS AND DIAS
hr - h(1:ifP,3)' ;
P - polyfit(hc,hd,1);

1N3T CONDS
Xs(1) - 0.0;
Ys(1) - S(1,3);
u(1) M 0.0;
v(1) - 0.0;
r(1) h(1,3);
rdot 0.0;
Ydots(1) 0.0;
Xdot(l) 0.0;
alp pi; I for SW, 7m, Gr - pi;
PSI(1) Gr+h(1,2);

POSITION ORD0RS
Pi8cou - GF*1S0/p0-0.0; I give PSIcoc in degrees
xCom w 0.0;
Teoa a 4.0;

COUWhOL LAW GAIeS
- -1.0; 1 for SW, IW - -1.0;

7l - 1.0; 1 for rw, FM -- 1. 0;
Magri - 0.0;

1.0;
Kr Ktsi*Tdci
IX ,, 0.0; 1 for YAW, LAT test, Ix - 0.0;
T" 3.01Kla * K*I
S 1 12.0; 1 for YAW, LONG test, Ky - 0.0;

l 3.0;Mv ,, Iy*•y;



mw 24.0;

Yr * 2.0;
* * 13.52;

as * 3. 0;

X(1) - Xs(1)oss*cos(1I(1) );•,
1(1) o Ts(1)-zseen(S (?U()) ;
Tdot(2) - Tdots(1)oZS*r (1);ji

XRdot -0.04*377.67;
Tvv -0.5 S1.72;
Trc 0.01187*377.67;
TV4ot -0.04*377.67;
Yrdot -0.00178*2756.81;
S0vv -0.00769*377.671
met -0.04*27S6.81;
Uvdot -0.001*27SS.01;
lassrdot 4S. 0-(-0.002*20137.S0);

for I - 1:NP,

CAL CULATR VOLTAGES
vFm (Z) - -(Kpsi*(1s5(I)-PSicom*pi/180)+Kr*r(Z)...

*RWi* (Ky* (Ts (IZ) -Ycoa) Kv*Ldott 1 X) ))

if VTU(?) > NMV, VFTH(I) - NXV; endl
if VFTU(I) <-MM/, VFTTU() --•iv; end;

VATu(j) in (Kpsi*(PSI(I)-PSIcoa*pi/100)+Kr*r(I)...
-IW* (Ry* (Ys( I)-Ycon) +KV*Ydot ( Z))) ;

if VATN(1) > 31v, VATS()- ,V; and;
if VAT?(Z) < -MRV, VAT2(1) -- XV; end;

VLS(I) -- (Kx*(Xs(a)-Xcon)+Ku*Xdot(a));
if VLSIM) ) OwV, VLs(I) I M;Wl end;
If VLS(M) < -mmW, VLSI() -- nXVi end;

YUS(I) * -.fl* ( Kz* (X. (IZ)-Xcg)Ku*Xdot (XZ) )

If VY3(I) > WfI, VRS( ) - flO; eadl
If VaS(!) < -M1V, VUS(t) - -3NV end;

SCALCAfT FOCES

VFTU(1) - IT/(3W*2')OVflU(I)*.bs(vFT3I) ) ;
MOM a ) Tr/(IW"2)*VAT1(I)*&bs(VATN(I));
VMY(I) a rFIU(!)eFATN(I);
15(1) a (mrMl(z) -IrATwI())*Dr;
MM(1) - 35r/(3W^2)*VL5(I)*abs(VRS(I));P3(Z) a 3ISr/(33V*2)*VYt(Z)*S~bg(Vl(I());



B3MTIOUS or NOTZON
udot - (a*v(U)*r(Z)+Xuu*u(Z)*abs(u(i))...

+*FS(I)+MlS(I))/(m-Xudot)
vdot - (yvv*v(t)e*bs(v(I))+Yrr*r(z)*abs(r(x))-a*u(z)*r(z)...

,Ycdot*cdotrTT( I))/(n-Yvdot);
rdot - (Nvdot*vdot+,vv*v(l)*abs(v(l))+Nrr*r(l)*abs(r(z))...

MR( I))/(IshNrdot) I
Xdot(Z.1) - u(I)*cos(?I(I))-v(Z)*stn(F3(X))u
Ydot(I1+) - u(Z)*sin(PS!(Z))+v(I)*cos(PSz(Z))g
Ydots(zle) - Ydot(,1+)+xs*r(l);

SULU iWGmRATION
u(I1+) = u(!)+udot*dt;
v(I1+) w v(I),vdot*dt;
r(1+÷) - r(l)+rdot*dt;
PSI(I÷I) PSI(I)+c(l)*dt;
X(1+1) X(I)+Xdot(1+1)*dt;

Y(1+1) Y(I)+¥dot(I1+)*dt;
Xs(I+1) X(Ie1)÷xs*cos(PSI(,1+));
Ys(+I1) Y(I+1)+xs*sin(PSI(1+1));

end

:T!
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