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ABSTRACT

The Self-Propelled Underwater Research Vehicle (SPURV) has been "
under development at the Applied Physics Laboratory for over ten years
and is a reliable and practical research tool. Instrumentation developed
for SPURV includes temperature and conductivity probes, a fluorometer for
dye tracing experiments and a data recording system. Oceanographic and
vehicle performance data are multiplexed and digitized and taped on a
special recorder. Digital-computer data reduction provides a run summary
printout and system performance check a short time after a run. Data are
also telemetered acoustically to the mother ship which carries a trans-
ducer array for receiving data and tracking and commanding SPURV.
Frequency-shifted and digitally-coded signals are used for the acoustic
link. A special code, detected by correlation techniques, is used to
enhance data accuracy. SPURV's depth control uses a digital reference
which is manipulated to provide incremental, sawtooth or long, slow, ramp-
like depth excursions. Course changes and an azimuth program are also
available on command. SPURV has been operated on over 100 runs at sea,
mainly from Navy AGOR-type ships. Launch and recovery tools and tech-
niques have been steadily refined and can cope with any reasonable
sea state,

INTRODUCTION

The vehicle and associated equipment described here have been
under development for about ten years and have been in regular use at
sea for the last six years. The initial objective was to develop a
controllable-trajectory vehicle to acquire data on physical properties
of the sea--in particular, temperature and sound velocity. Thus the
vehicle obtains data in the horizontal plane similar to that which STD
probes obtain in the vertical plane. A depth keeping ability of high
accuracy, developed relatively recently, has yielded significant results
on ocean microstructure. A 3-element thermistor array on the vehicle's
nose was recently placed in service to obtain multiple microstructure
data. Another instrument option, a fluorometer, was recently used in
dye diffusion and water transport studies.

While the complexity and capability of the instrument and i
control system have been steadily augmented over the years, reliability
has also been improved. Two complete vehicles are now available. On
the most recent cruise, the vehicles were run an average of 9 hours per
day for 3 successive days, with launches almost always on schedule and
without crew exhaustion., Earlier configurations and operational details
are described in References 1, 5 and 6.

APL-UW 7215 1
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GENERAL SPECIFICATIONS

The general specifications of SPURV are given in Table I and a
photograph of the vehicle is shown in Figure 1. Figure 2 is an artist's
drawing showing the location of various vehicle components.

Table I. Vehicle Specifications

Maximum Depth 3600 m 12000 £
Endurance with LR 90 battery 5.5 hr

Instrument Payload 45 kg 100 1b
Speed 2-2.5 m/sec 4-5 kn
Displacement (in sea water) 430 kg 1060 1b
Net Buoyancy 9.1 kg +20 1b
Overall Length 3.10 m 10 ft 2 in.
Diameter 0.508 m 20 in.
Dive Rate 1.3 m/sec

Climb Rate 2.3 m/sec

Turn Rate 3°/sec

Acoustic Tracking Range 2000 m

PRESSURE HULL, TAILCONE AND EXTERNAL APPENDAGES

The pressure hull consists of a central cylinder, 20 inches
in outer diameter, and two spherogive end sections. The weight of the
pressure hull is 670 pounds, which is about 65% of the net weight. The
total pressure hull length is 96.5 inches; the central cylinder is 66
inches long and has two joint ribs and four central ribs, all at 13-inch
center-to-center spacings. The center ribs have a rectangular cross-
section 1 inch wide by 2 inches deep. Nominal cylinder wall thickness
is 1 inch. Each of the three hull sections was machined from a single
aluminum alloy (7079-T6) hand forging. (Minimum guaranteed yield for
this material is 54,000 psi in the tangential direction.) The end
sections are held in place with a one-sixth turn interrupted thread. A
face seal O-ring forms the primary joint seal, while a piston seal O-ring
acts as a backup and also provides locking action for the end sections.
Electrical feed-throughs and pressure ports are located in thickened
areas of the end caps or through ribs. No leaks have occurred with the
system sealed in this way.

Five pressure hulls have been constructed and pressure tested

at depths from 9000 to 9500 feet in the Pacific Ocean. Strain measure-
ments taken during these tests indicate that the hulls should be able to

APL-UW 7215
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i sustain at least 6200 psi, which is equivalent to a water depth of
? approximately 14,000 feet.

A free-flooded tailcone is attached to the aft section to provide
a fairing about the propulsion system and to provide support for the rudder
and elevator surfaces, It consists of a 1/16-inch thick spun aluminum skin
bonded with epoxy cement to a welded aluminum frame. Located within the
tailcone are the pressure equilization cylinders for balancing the pressure
between the vehicle!'s fluid systems and the sea, the solenoids for actuat-

.. ing the elevator and rudder control surfaces, and a block of watertight

electrical connectors.

Mounted outside the pressure hull are the handling hardware,
the nose instrumentation probe, the tail thermistor probe, a vehicle
speed sensor, and the transducers (see Figures 1 and 2). The radio
beacon antenna with a flashing light module at its tip is mounted on a
very flexible spring so that it will trail close to the hull when the
vehicle is under water (see Reference 1). The transponder transducer is
located on the top portion of the tail section just aft of the handling
hardware. A fathometer transducer is located on the bottom of the aft
section of the pressure hull and a vehicle speed indicator is mounted on
the vertical stabilizing fin.

POWER AND PROPULSION

The primary power source is the propulsion battery, which
consists of 2 sets of 16 silver-zinc cells connected in parallel through
diodes to form a 24-volt, 200 ampere-hour supply. The cells are Yardney
Electric Co. LR-90 and weight 3.5 pounds. The battery package slides
into rails in the vehicle and is electrically lowered in place between
the ribs to provide maximum pull-around for roll stability. (The vehicle
has no active roll control system.) Under vehicle loads of about 40

amperes total these cells supply almost 130 ampere-hours when new. They {
average about 100 ampere-hours over the bulk of their service life of 3 ’
to 4 years.

Four solid-state converters provide secondary power. A 60-watt
inverter provides ac power at 115 volts, 400 Hz, which is further phase-
shifted to give 3 phases. The ac power is used to drive the tape recorder
and the run timer; its frequency accuracy is 1%. The dc cenverters
provide +15, +5, +4, -2, -5 and -15 volts for the operational amplifiers ]
and logic circuits used in the data recording and control systems.

The propulsion system includes a dc drive motor, gear reduc-
tion unit, drive shaft housing, propeller and motor enclosure. With the
exception of the propeller, all are located outside the pressure hull
but within the tailcone fairing. The propulsion motor is a 24-volt

APL-UW 7215 5




UNIVERSITY OF WASHINGTON * APPLIED PHYSICS LABORATORY

shunt motor which has been modified for operation in a fluid bath and is
capable of delivering 1 hp at approximately 2000 rpm. The motor is run
in a fluid at ambient pressure to prevent the power loss that would occur
if a high pressure rotating seal were to be used. Motor efficiency is
about 64% under normal propulsion loads of about 1/2 hp. The gear reduc-
tion unit is a planetary type with nylon planet gears to minimize noise.
The reduction ratio is 6:1; the screw turns at 300 to 330 rpm depending
on motor tolerances.

FLUID SYSTEMS

The vehicle has three independent pressurized fluid systems, all
components of which are mounted on or inside the tailcone. These systems
are illustrated schematically in Figure 3. Each system employs a piston-
diaphragm (bellofram) equalizing cylinder as a fluid barrier. Spring
pressure on the bellofram piston keeps the fluid pressure almost 2 psi
above ambient pressure at all times. Thus rotating seals are subject to
only a 2 psi pressure differential. All system seals are continuously
working and a leak can be detected by observing the fluid itself or the
movement of the piston due to fluid loss. A slow leak during a run would,
if it did not exhaust the reserve fluid supply, result only in fluid, not
salt water, penetration.

The largest fluid system, the external hydraulic and electrical
system, provides conduits for both o0il and wiring to the control solenoids,
depth cutoff switch, terminal block and transducers. This system includes
an oil-filled ring around the periphery of the pressure hull into which
electrical conductors are brought after passing through the hull. Hydrau-
lic o0il is also piped to the transponder and fathometer transducers along
with the electrical wiring. Electrical power to the solenoids is routed
through brushes in the solenoid power contact chamber to permit adjust-
ment of the solenoid assembly.

The internal hydraulic system goes through the pressure hull to
the pressure transducer (Vibrotron®) and surface cutoff.

The motor system is filled with a petroleum derivative called
Stoddard's solution, commonly used as a cleaning fluid. This fluid lubri-
cates adequately and does not interfere with commutation. However, brush
wear products contaminate the system and must be scrubbed out at about
50-hour intervals.

COMMAND AND CONTROL

Commands to the vehicle require 12 binary bits in the trans-
mitted acoustic data word, of which 4 are used for the command proper. The

6 APL-UW 7215
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remaining 8 bits provide incremental depth or course changes referred to as
depth or turn steps.

The 4 command bits provide 16 commands which are listed below in
decimal order. Some commands have alternative uses which are shown in
parentheses.

0 Motor Off-Track only 8 Left turn N steps
Surface-Depth 1 9 Azimuth Program ON
Depth 2 10 Azimuth Program OFF
Depth 3 11 Depth Search ON
Depth 4 12 Depth Search OFF
Climb N steps (Start Climb Ramp) 13 Hold Ramp (Increase Fluorom. Sens.)
Dive N steps (Start Dive Ramp) 14 Reset Ramp (Decrease Fluorom. Sens.)
Right turn N steps 15 Spare

The 8 command step bits can provide up to 256 turn or depth steps
every 10 seconds, somewhat more than the vehicle can follow. The command
options available are, briefly, any one of 3 pre-selected depths from which
incremental changes can be made, course changes relative to the initial
gyro-retained course, and three programs: a long ramp-like depth change,

a sawtooth-like depth search, and an azimuth program. These are described
in greater detail in the following sections. The control system is broken
down into azimuth, depth and run program subheadings.

AZIMUTH CONTROL SYSTEM

Azimuth reference is established by means of a self-leveling
directional gyro. The gyro was obtained from a high quality aircraft auto-
pilot and can be adjusted for a drift rate of less than 1° per hour at most
operating latitudes. The azimuth control system is illustrated in Figure
4, which is largely self-explanatory. The gyro is free in azimuth, its
only load being a lightweight brush which grounds one of the segments of
the split-ring commutator when the course error is large enough.

Prior to launch, the vehicle and ship are pointed in the desired
direction and the system is nulled out by entering turn steps until one
of the two gaps in the commutator coincides with the brush. Either gap
will give a null; however, they yield reciprocal headings. The gaps in
the commutator are about 4° wide; hence the vehicle "follows'" the gyro
to within about 2°. Rudder action is infrequent during straight runs,
and power consumption is small. Rudder solenoid activation is recorded
on the vehicle's tape recorder.

The 5° turn steps are somewhat large and the system cannot
always be nulled out, but a setting close to the null generally suffices.
(The 5° step increment was chosen prior to the present multi-step command

APL-UW 7215
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DIRECTIONAL GYRO

TO TAPE
RECORDER

VEHICLE TAIL VEHRICLE NOSE

O Rbgggn TRANSISTOR |

SOLENOID SWITCH 7 N BRUSH MOUNTED ON

g 5 ; GYRO OUTER GIMBAL

- RZf:ETR TRANSISTOR
SOLENOID SWITCH

Right and left turn (Steps commutetor
cammands from RIGHT STEPPING in 5%increments;
decoder and initial MOTOR DRIVE STEPPING clockwise for left

heading setting LEFT CIRCUITS MOTOR turn, counterclockwise
commands from for right turn.)

control switches. 75507

Figure 4. Simplified block diagram of SPURV azimuth control

capability.) A reduction in step size to 1° or 2° could readily be made
if there were a requirement for more precise course control.

The azimuth programmer was designed for a specific ocean mapping
program in which the vehicle was to map a 2 x 2 mile area with a 0.2 mile
grid interval. The grid is a series of perpendicular legs. The program-
mer turns the vehicle 90° at the end of each leg. The length of each leg
is determined by counting pulses from the vehicle's speed detector, which
is accurately relatable to distance traveled. Long and short leg lengths
are pre-selected and can vary from 0.002 to 2.0 miles. The lower limit
is essentially the diameter of the vehicle's turn radius.

DEPTH SYSTEM
In broad outline all depth systems function in a similar manner:
a reference voltage proportional to the desired depth is generated, a

voltage proportional to the actual depth is provided by a sensor, and the
difference between the signals constitutes the error signal which drives

APL-UW 7215
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the vehicle in the appropriate direction to reduce the error to zero.
The error signal is limited in amplitude and combined with a pitch sensor
signal to keep climb and dive angles within bounds.

Figure 5 is a simplified block diagram of the vehicle's depth
system showing the major elements and the points at which commands are
introduced. The blocks shown in dashed lines in the figure are features
which are not an essential part of the depth system but offer additional
control options. In the description that follows, the major elements are
considered in this order: sensing, control, and reference or command.

In the SPURV system the depth sensor does not provide a voltage
directly, but provides a digital number proportional to depth. The most
significant 8 bits of the number are compared with a switch-selected
digital reference. The resulting '"coarse' error signal overrides others ,
until the vehicle is within 30 meters of the desired depth. The lesser
10 bits are converted to an analog voltage and compared against a refer-
ence voltage to provide the '"fine" error signal. The fine error is nulled
when the depth error is less than 0.03 meter.

A new count is generated 12 times a second. If properly sta-
bilized before use by two days of warmup, the Vibrotron will be stable
over a 6-hour period within 0.1 meter and its repeatability from day to
day will be within 0.5 meter. A more detailed discussion is given in
Reference 3.

Referring to Figure 5, depth control starts with the error
signal amplifiers and includes all elements which operate from the error
signal to control the elevators and, ultimately, the vehicle's body. The
body is inherently an element of the depth control system and while its
gross characteristics are fixed, different instruments cause changes in
drag, speed and force balance. To counteract such effects, the vehicle
trim, mainly net buoyancy, and pitch moment are adjusted.

The error signal to the depth control is essentially linear
within the fine portion of its range but the control system is nonlinear.
That is, the error signal must exceed a threshold level before the ele-
vator is actuated., This causes a so-called deadband in which no control
effort is made. The deadband concept can be applied to the electrical
signals or to the spatial changes in pitch or depth required to bring
about control action. The nonlinearity of the system makes mathematical
analysis more difficult but the elevator actuators are much simpler and
control power consumption is less than it would be in a linear system.
An analysis of the depth control system is given in Reference 7 and a
study of the body dynamics is described in Reference 8.

These studies and computer simulations predict that a net
bouyancy of 20 pounds and nose-heavy pitch moments of 10 to 20 foot-
pounds should result in depth errors of less than 0.1 meter. Further,

10 APL-UW 7215
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the vehicle pitch should oscillate between 1 and 2° with a period of 2
seconds. These values agree well with the actual vehicle performance.
The system is very tolerant and has worked over a wide range of conditions.

As new configurations are used, the trim is varied until a more
or less optimum arrangement is found. Trim is readily adjusted by position-
ing lead weights which are mounted on the side of the battery package. The
same weights provide pull-around in roll to oppose the roll torque which is
generated in reaction to the vehicle's screw. Buoyancy is generally held
to 15 to 20 pounds and is trimmed by adding weights at the vehicle's
center of gravity.

The basic depth reference consists of three banks of single-pole
switches which generate 8-bit digital words defining the three preset op-
erating depths. The command stored in the depth command register deter-
mines which set of switches controls the depth register. A fourth depth
option is wired for zero depth, i.e. surface. The resolution of the
reference is 1024 bits, or about 30 meters. Two additional switches not
shown in the figure control two bits of the 10-bit word and give additional
resolution down to 8 meters. More resolution can be obtained using the
depth step commands described below.

The depth step, depth ramp and depth search command options are
represented by a dotted block in Figure 5. These modes operate by changing
the output of the depth sensor. The count start is delayed, which shortens
the counting period; thus the count is lower than normal and the vehicle
dives to raise the count and make it equal to the reference count. The
delay is accurately clocked by the precision oscillator and is introduced
in steps, each step being 2 or more bits.

The depth step mode starts with a fixed delay of 128 steps,
which can be raised to 256 or lowered to zero by using one or several
depth step commands. By varying the number of bits per step, the con-
trol range can be extended from 8 meters to 230 meters above and below
the starting depth.

In the depth ramp mode the steps are accumulated at a constant
rate of one per second after the ramp start command is given. The one-
second rate is fast enough, compared to the vehicle's response time, so
that a smooth motion results. The ramp counter can accumulate up to 4096
steps; thus the program can run slightly over one hour. The ramp must
'start with a dive but it may be reversed or reset at any point. The
depth excursion can be as small as 250 meters or as. large as the entire
operating range. Block diagrams and a more thorough discussion of these
subsystems are given in the appendix.

The depth search mode provides a roughly sawtooth-shaped
depth pattern on command. The pattern is accomplished by alternately

12 APL-UW 7215
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changing the depth step delay by a predetermined number of steps above

and below 128, A null circuit senses when SPURV is near the top or

the bottom of the sawtooth, and reverses the depth step offset with
respect to the 128-count starting point. Thus we have a closed loop
system which will execute the desired amplitude search pattern at the
fastest possible rate. The depth search feature has been used extensively
in the study of dye diffusion in the deep ocean.

The parameters of the depth system that are recorded by the
vehicle's tape recorder are also identified in Figure 5. Normally only
the count in the fine portion of the sensor is recorded. As the vehicle
descends the counter repeatedly slowly sweeps through its range; hence
total depth can be determined by counting the number of sweeps. It should
be noted, however, that when depth steps or the depth ramp are in use the
count is no longer exactly proportional to depth since bits are dropped
due to the start delay. Therefore the start delay is recorded and used
to obtain the exact depth. The pitch sensor output is also recorded.

The signal processing and recording methods are described later in the
section on the data recording system.

RUN PROGRAMMER

The run programmer includes the run timer, which is the main
control element during a normal run, and various circuits and devices to
cope with abnormal situations. Figure 6 illustrates the relays and
switches insofar as they are involved in run programming--for simplicity,
most of the power control functions are not shown.

The run timer is driven with 400 Hz power through the timer relay.
The timer's basic period is 6 hours, of which 5 hours and 50 minutes can
be used. The timer contains 3 cams from which 2 run periods are obtained:
a launch and depth run period and a surface return period. The depth run
period is set to the hour and minute up to slightly more than 5 hours.
The surface return period can be set from 0 to 45 minutes but the sum of
the two periods cannot exceed the 5 hour, 50 minute limit. The depth run
ends when both the hour and minute cams reach zero, releasing the run
length relay which signals for an up elevator. The surface return period
is obtained by rotating the shutoff cam relative to the hour cam such
that the desired time delay results.

Referring to Figure 6, propulsion motor operation requires
closure of the gyro relay and a series of other switches and relays. At
launch the gyro relay is held on through the minute cam. After a depth
of 15 meters is reached, the surface cutoff switch and the cutoff cam
latch the gyro relay until the vehicle returns to the surface.

APL-UW 7215 13
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If the vehicle fails to dive and the early shutdown switch is
on, all power except the radio/light beacon is shut down when the minute
cam reaches zero. The early shutdown feature is most useful if the minute
setting is relatively short, for example 5 to 15 minutes. In any case,
the minute setting must be nonzero for the system to latch on. The
motor alone can be stopped by commanding the vehicle to surface and turn-
ing off the tracking system. Since vehicle recovery is more hazardous
when only the motor is stopped, a reed stop switch is provided which can
be operated through the hull with a magnet.
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Included in the chain of control over the motor is the vent
plug (which must be driven home), the magnetically operated start switch
which is used to start the motor (and timer) at launch, the acoustic
hold-on relay and the preset depth cutoff switch. The acoustic hold-on
timer must receive a tracking pulse at least once every 3 minutes,
Alternatively, the motor can be stopped at any time without interrupting
tracking by sending command 0. The depth cutoff stops the motor if the
vehicle dives below the preset depth limit, e.g., because of control
system failure.
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If the acoustic hold relay releases, the 15-minute counter starts.
When the count reaches 14 it activates the surface return relay which
restarts the motor and signals up elevator. Then if the vehicle climbs
normally and reaches 30° up pitch within one minute, as detected by a
mercury switch, the return to the surface continues. If the vehicle does
not climb normally, the counter releases the surface return relay, stopping
the motor, and disables the acoustic hold-on so that the motor can no
longer be restarted. If tracking is re-established within the l4-minute
period, the run will resume and the counter is reset.
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When motor power is lost, the vehicle will float upward at a
rate of about 0.33 meter per second at 20-1b positive bouyancy.
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ACOUSTIC TRACKING AND COMMAND

Frequency diversity and frequency shift keying (FSK) are used
in the tracking system. Transmission to the vehicle is at 20 and 22 kHz
and the vehicle replies at 26 and 28.9 kHz. The lower frequency in each
case is used for a 0 in the digital word. The frequency diversity pre-
vents crosstalk probiems when more than one device is being tracked.
Although this system gives good performance with signal-to-noise ratios
down to 6 dB, it is susceptible to multipath propagation.
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The structures of the transmission and reply are as follows.
There are 25 bits in a word, each bit 1 msec in length. The word to the
vehicle is coded as follows:

Bit No.
1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 2§

000110101 X I I 8 4 2 1 12864 32 16 8 4 2 1 P
Cerrelation Code Identity Command Command Steps

Transmission to Vehicle
0 = 20 kHz 1 =22 kHz

The first 8 bits are used only for the correlation code which is
used to accurately time the data loading. Bits 11 and 12 are identity or
address bits which are used to permit selective tracking of up to 4 ob-
jects other than the vehicle. (Bit 9 alone serves as an identity code
for the vehicle.) The command bits 13 through 24 are binary-coded with
tne most significant bits sent first, Bit 25 is a parity error-detection
bit which is chosen so that there are an even number of 1's in the bits
following the correlation code. If the parity of the command as received
does not agree with the parity bit the command will not be stored or
executed. Although every transmission to the vehicle includes command
bits they usually simply reiterate the operating depth (D2, D3, or D4),
and are essentially tracking pulses.

The vehicle's reply code is as follows:

1 23 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

0 0 011010 5S 8 I I E E 51225 128 64 32 16 8 4 2 1 P
Correlation Code Status Ident. Error Telemetry Data

Transmission to Ship
0 =26.0 kHz 1 = 28.9 kHz

The reply code correlation and identity bits are the same as in
the incoming transmission but telemetered data bits replace the bulk of
the command bits.

The error codes convey the following information:

,0 Normal

»,1 Redundancy error - last two transmissions not identical
,0 Parity error
1
1

0
0
1
1,1 Busy - step turn or depth command being executed
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