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ABSTRACT
DEVELOPMENT AND CHARACTERIZATION OF
A SIDE SCAN SONAR TOWFISH
STABILIZATION DEVICE
by
Rebecca Ann Conrad
University of New Hampshire, December 2006
The attitude of a side scan sonar towfish may introduce artifacts into the
imagery when the towfish attitude exhibits a significant mean offset from horizontal
and/or exhibits significant variations over time. The Smart Tail was designed by
Boeing Australia for stabilizing the attitude of a Klein System 5000 towfish. This
report describes the development and testing of a closed-loop controller for towfish
attitude based on the Smart Tail’s movable elevators. Transient and steady state
response of the towfish pitch and roll motion were evaluated in a tow tank at speeds
up to 6 knots. Mathematical modeling and simulation were used to design and build
a PD controller for the Smart Tail. Performance of the towfish/Smart Tail
assemblage was evaluated via an instrumented field test conducted in a typical
seaway. This study concludes that closed-loop active control of a side scan towfish
is feasible using controllable elevators.
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CHAPTER 1

INTRODUCTION

1.1

Background
Side scan sonar is commonly used to observe sea floor characteristics such as

roughness and seabed texture by sending and receiving sonar signals perpendicular to a ship’s
track. The sonar transducer is integrated into a towfish that trails at depth behind a boat. An
example of a side scan sonar towing arrangement is illustrated in Figure 1.1.1.

Figure 1.1.1: A typical Side Scan sonar towing arrangement
(NOAA).

1

There are three main mechanical parts to a side scan towfish: the nose, the body and
the tail. The nose is a cone shaped mass that is secured to the leading edge of the towfish. The
body is cylindrical casing that houses the sonar transceiver. The tail is a cone shaped mass that
affixes to the trailing edge of the towfish that typically includes stationary fins for yaw, pitch
and roll stabilization.
Two Klein System 5000 Towfish are pictured in Figure 1.1.2.

Figure 1.1.2: Example of Klein System 5000 Side Scan
towfish and reduced-length towfish with Boeing Australia
Smart Tail.

2

The Klein System 5000 Towfish has a 76.4 in. body length, weighs 155 lbs in air and can
acquire high resolution images of the sea floor at tow speeds up to 10 knots with an overall
swath width of 300 meters (Appendix B).
The towfish is subject to six degrees of freedom as it moves through the water – sway,
surge, and heave (translational) and pitch, roll, and yaw (rotational).

Figure 1.1.3: Definition of the six degrees of freedom of a
vessel (IMCA).

The interaction of the towfish with the towing vessel (via the tow cable) along with the
effects of wave and currents on the towfish can cause distortions in the side scan sonar image
(Unlu 1999). Changes in the speed of the towing vessel causes the towfish to change its
altitude and attitude, which may have negative effects on the quality of the imagery.
3

In the field, a constant towfish roll of 5 degrees is considered enough of a problem to
delay survey operations. During tow, if the orientation of one of the tail fins is not parallel to
the flow, a local lift force (perpendicular to the flow) results, which causes a torque in the roll
direction. Once this applied torque exceeds the opposing torque on the vehicle by the tow
cable, the vehicle rotates until the tow cable torque balances the applied torque at a new
equilibrium position. Common practice is to haul the towfish out of the water, beat the tail fins
with a hammer, and then re-deploy. The operator then reviews the tilt sensor data output
stream to see if the towfish roll offset has been corrected and the process is repeated as many
times as necessary.
In 1996, a Boeing Australia team of engineers under contract of the Australian
Defense Science and Technology (DSTO) office built a “Smart Tail” that had the mechanical
capability to remotely operate tail fins (called elevators) by stepper motor drive. An adaptor
plate was made to fit the Smart Tail onto the Klein System 5000 Towfish. The project lost
momentum and the Smart Tail was placed on the shelf, devoid of several critical system
components that were needed for operation. The Smart Tail had not even been wet.
In 2004, an agreement was reached between DSTO and the University of New
Hampshire’s (UNH) Center for Coastal and Ocean Mapping (CCOM) which temporarily
transferred custody of the Smart Tail assembly to CCOM where the development was to be
continued under the direction of Dr. Lloyd Huff.

4

1.2

Goals and Objectives
This thesis entails a project that continued the development of the Smart Tail to

achieve the following objectives:
•

Remote operation of towfish tail elevators

•

Autonomous low frequency pitch and roll stabilization of a towfish using closed loop
feedback control.

Stabilization was initially defined as performance which maintained the towfish within ±2
degrees of horizontal over an average time of 3 seconds. This project is one step in a chain of
research motivated by the reduction of motion artifacts in side scan sonar standard images.

1.3

Constraints
Since this project involves a specific towfish, the Klein System 5000, and a specific tail,

the Boeing Smart Tail, there were a number of real and implied constraints that include:
•

A power limit of 75 mA at 200V DC

•

A horizontal reference provided by a TCM™2 tilt sensor which had an 8 Hz maximum
sampling frequency and up to 15 degree tilt error due to rectilinear acceleration

•

Two Stepper motors, each with 11 foot-pound torque stepper motor drive limit after a
30:1 gear reduction
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•

No continuous feedback sensor for motor position

•

No speed through water sensor.
The KGCOMP™ SPN15 12 Volt, 1.5 Amp power supply was provided by CCOM to

interface with the Klein System 5000 200V DC power supply. The Klein System 5000 is also
equipped with the TCM™2 Tilt Compensated 3-axis Compass Module. The limitations of the
TCM™2 include the 8 Hz. maximum sampling frequency and no compensation for tilt error
due to translational acceleration of the unit. The RS™ Hybrid Stepper Motors were selected
by Boeing Australia and provided with the Smart Tail. The major limitation of the motors is
their torque/speed characterization along with no position feedback sensor. The motor drive
unit provides motor position feedback by virtue of tracking the step commands. Weeder
Technologies™ Stepper Motor Driver Modules were provided by CCOM as the
communications interface between the controller PC and the stepper motors. The Weeder™
boards limit the motor stepping speed due to the constrained current draw.
A leak was found in the Smart Tail between the carbon fiber shroud and the cast
aluminum main body. A last resort solution was found to prevent water from leaking into the
Smart Tail by feeding Tygon™ tubing from a pressure regulated SCUBA tank to a throughhull fitting on the instrument housing. The practicality of towing a fish with TygonTM tubing
fastened alongside the tow cable limited the tow cable to 120 ft. Therefore, the maximum
cable that could be in the water during field testing the Smart Tail was approximately 90 ft.
Additional caution was taken to install a relative humidity sensor to detect leaks that may have
occurred while the Smart Tail was underwater.

6

Originally, all of the electronics, power, and controller software were all intended to be
self-contained within the Smart Tail’s pressure tight housing. However, the leak condition
changed this plan. A decision was made to have the controller remain topside during Smart
Tail testing with power and communication lines running down to the Smart Tail through the
tow cable. A 6-pin through hull connector was installed in the instrument housing for
compatibility with the Falmat Xtreme-Green™ video cable system available for use at CCOM.
The conductors available in the cable and the 6-pin underwater connector limited the number
of parameters from the Smart Tail that could be brought topside via the tow cable. The six
pins were allotted to: +200V DC, ground, RS232 stepper motor control transmit, RS232
stepper motor control receive, RS232 TCM™2.5 receive, and output from the relative
humidity sensor.

1.4

Tasks
The project scope is to install, characterize, and analyze major electro-mechanical and

communications components of the Smart Tail in an electronics laboratory setting, observe
and analyze overall towfish motion through tow tank and field testing, develop a mathematical
model of the tow system and incorporate it into a simulation, design a controller capable of
meeting the performance criterion, and provide a final system performance evaluation through
field testing.

7

CHAPTER 2

EXPERIMENTAL SETUP & DESIGN

2.1

Major Mechanical Components
The major mechanical components of the Smart Tail are shown in Figure 2.1.1.

Figure 2.1.1: Major mechanical features of the Smart Tail.

The Smart Tail consists of a carbon fiber Shroud that is integrated with a cast aluminum Main
Body. The Instrument Pod is an aluminum pressure bulb that threads into the Main Body and
is made water tight with a face-sealing o-ring. The Elevators are mounted to stainless steel
shafts that penetrate the Main Body and are sealed with Elastomer Bellows Seals (Appendix
8

B). The Interface Panel is a mounting plate that connects the Smart Tail to the body of the
Klein System 5000 towfish.
2.2

Major System Components of the Smart Tail
Major system components of the Smart Tail include the Weeder Technologies™

Stepper Motor Driver Modules (WTSMD), SPN15 Power Supply, RS™ Hybrid Stepper
Motors, TCM™ 2.5 Tilt Compensated Compass Module and a Honeywell™ Relative
Humidity (RH) sensor. All system components, except for the stepper motors were mounted
into a circular disc bracket, as shown in Figure 2.2.1. The disc on the far left of the figure bolts
into the aft end of the Smart Tail’s Main Body and is enclosed by the instrument pod housing.
The two stepper motors mount into the forward end of the Main Body.

Figure 2.2.1: Instrument pod electronics stacking disc mount
and stepper motor.

An overall system/communications diagram is illustrated in Figure 2.2.2. Note the six lines of
communication/power that cross the dotted box are designated to the 6-pin underwater
through hull connector in the Smart Tail.
9

Figure 2.2.2: Overall electronics system diagram.

2.3

Testing Components
It was necessary to design and assemble the experimental setup for tow tank testing in

the UNH Ocean Engineering tow tank. Since the Klein System 5000 towfish is too heavy for
testing at the UNH facilities, a lightweight, reduced-length tow body was manufactured for
testing purposes. The test body’s length is 4.5 times its diameter. In order to reduce weight, the
test body does not house a sonar transducer, however, it does contain an independently watertight pressure sensor package. Figure 2.3.1 shows an exploded view of the towfish testing
setup including the nose, reduced-length tow body, and Smart Tail. Note the K-wing™ is a
depressor used in the field to increase hydrodynamic depression forces. This method is used to
achieve desired towing depth with minimum length of cable (Latchman 1993).
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Figure 2.3.1: Exploded view of the towfish testing setup.

A device was required for attaching the towfish setup to the tow carriage that has the capability
of meeting following objectives: must affix steadily to the carriage under full speed towing
conditions, suspend the towfish below the water’s surface and provide both minimum drag
and maximum stiffness, while providing fine-adjustments in pitch, roll, and yaw. An assembly
of parts, called the Tow Carriage Apparatus (TCA), was developed to meet these objectives.
Major components of the TCA include: the towplate, clamps, leveling thumbscrews, tow shaft
and fairings. Figure 2.3.2 and Figure 2.3.3 show a Pro Engineer™ 3-D solid model of the
towfish setup as mounted in the UNH tow tank facilities (the Tufnose™ fairings were not
included to prevent obscuring important details of the TCA).
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Figure 2.3.2: Towfish testing setup mounted to the PEL
Swivel and Tow Shaft.

Figure 2.3.3: Tow Carriage Apparatus (TCA) mounted to the
UNH tow carriage and towfish testing setup a) Clamping
mechanism. b) Bolt circle and locating hole.
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The towplate is a 26” x 26” x ½” thick plate of aluminum 6061 with a 3” x 4” x ¾”
thick aluminum plates welded to each corner. In the center of the plate is a 2” diameter
locating hole with a 6-hole ¼-20 bolt circle. There are four clamps, each located at the corners
of the towplate. On each clamp, two aluminum blocks secure the towplate to the box-beam of
the carriage in the x, y, and z directions by tightening three sets of 3/8” bolts. The leveling
thumbscrews were designed to lift a 100 pound load with the ease of less than 10 foot pounds
of torque applied to each thumbscrew. Calculations were made to find the thread size and
diameter of thumbscrew needed. The calculations are included in Appendix A. The tow shaft
is a T-304 stainless steel, 42.125” x 1.70” diameter rod with top and bottom welded-on
mounting features, the top disk and the gusset. The top disk has a 0.05” raised boss that inserts
into the towplate locating hole. Six slotted through holes surround the boss to allow 20
degrees of yaw adjustment. The gusset was constructed of ¼” thick, 304 stainless steel and has
four 3/8” through holes separated on 2” centers. The stainless steel cheek plates sandwich the
gusset and are secured with four 3/8”-16 x 1” counter sunk bolts. A washer was slipped onto
the rod before the top plate and gusset were welded onto their respective ends of the rod. The
washer allows four interlocking Tufnose™ fairings to rotate freely about the shaft. The fairings
reduce the drag coefficient of the cylindrical section of the tow shaft to a value of
approximately 0.15 and prevent flow separation when towing at 6 knots (Appendix B & C).
Also designed for tank testing was the Paul E. Lavoie (PEL) Swivel device. It is a
stainless steel joint that connects to the tow body and allows for rotational movement. It can
be oriented parallel to the flow to allow a degree of freedom in pitch only or perpendicular to
the flow to allow a degree of freedom in roll only. The PEL Swivel also has the capability of
being locked to prevent movement.
13

CHAPTER 3

SENSOR CHARACTERIZATION

3.1

Sensor Error
The major advantage of TCM™2.5 Tilt Compensated 3-axis Compass Modules is that

it utilizes Euler angles as the method of determining accurate orientation (PNI Corp.)
However, tilt sensors like the TCM™ will give inaccurate angle measurement when subject to
rectilinear acceleration. As the only source of feedback in the Smart Tail control loop, the
TCM™ tilt sensor error may pose as the stabilization performance limiting agent. Sensor error
experiments were performed in the Chase Ocean Engineering’s electronics laboratory to
characterize sensor error and filtering.
There were two main objectives to the sensor error experiments. The first objective
was to evaluate the performance of the TCM™ 2.5 in contrast to its predecessor, the TCM™
2. The tilt bulb sensing unit in the TCM™ 2 is a plausible source of error, due to inertial
effects (also known as “sloshing”) of the fluid-filled transducer. The second objective was to
quantify the tilt error as a function of rectilinear acceleration.
The sensor (TCM™2 TCM™ 2.5) or was mounted to a rolling cart that was oscillated
by a motor-driven actuator shown in Figure 3.1.1.
14

Figure 3.1.1: Testing setup for the sensor error experiment a)
Oscillatory sway actuator b) Cart and potentiometer.

A cord that was attached to one end of the cart was wrapped around a potentiometer
and then terminated by a flexible cord that was fixed to a support member of the lab bench.
The potentiometer setup was used to measure the horizontal input excitation of the cart. The
input was then compared to the roll sensed from the TCM™ 2.5 and TCM™ 2 to find the
respective angular errors. Since the cart with the mounted sensor was run back and forth over
a horizontal surface, any output value for roll from the sensor (other than zero) was an error
that had been induced as a result of the horizontal motion of the cart. Both devices were
sampled at 5 Hz.
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The frequency of the back and forth oscillation (sway) of the cart was changed by applying a
proportional DC voltage to the motor of the oscillating sway actuator. However, the frequency
of the cart motion was not known in function form. Thus, a 128-point Fast Forier Transform
(FFT) was performed on both the tilt sensor data and the potentiometer data for several
different excitation voltage trials. An example of the FFTs from the potentiometer and
TCM™ 2.5 of the same oscillation trial is shown in Figure 3.1.2.

Figure 3.1.2: FFTs of the potentiometer and TCM™ 2.5 data
from one trial of the oscillating cart experiment.
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The peak value from the real component of an FFT gives two important values, the
fundamental amplitude and frequency components of the signal. The fundamental frequency
(peak) component of the voltage output from the potentiometer provides the input excitation
frequency of the cart. The peak amplitude of the TCM™ roll data is the fundamental
amplitude and therefore recorded as roll error for that frequency (in degrees). To find the
rectilinear acceleration of the cart, the potentiometer raw data was converted to meters using
the calibration curve fit (Appendix D) and a 2-point approximate derivative with respect to
time was taken once for velocity and then again for acceleration. The peak values of roll error
from the FFT were plotted vs. rectilinear acceleration to generate Figure 3.1.3.

Figure 3.1.3: TCM™ 2.5 angular error as a function of
horizontal acceleration.
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Figure 3.1.3 shows that up to 1.8 m/s2, the difference in angular error between the TCM™ 2.0
and TCM™ 2.5 is negligible. Both sensors exhibited up to 14 degrees of error for this
horizontal acceleration range.

3.2

Sensor Comparison
Results from the angular error experiment lead to further investigation of how the

TCM™2.5 will perform during tow tank testing at UNH and how this performance compares
with other commonly used tilt sensors in the marine industry. The tradeoff between sensing
units is between cost, error, weight and volume. A comparative performance analysis of the
TCM™ 2.5, TSS 335, and Octans III 3-axis tilt sensors (approximate costs of $1200, $30000,
and $75000, respectively) was investigated. Figure 3.2.1 shows the three sensors as they were
mounted on the TCA.
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Figure 3.2.1: TSS™ 335, TCM™ 2.5 and OCTANS™ III tilt
sensors mounted to the Tow Carriage Assembly (TCA).

Figure 3.2.2 shows the pitch readings from each tilt sensor after the carriage was accelerated
from zero to a constant velocity of 6 knots and then slowed down to a stop.
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Figure 3.2.2: Results of the sensor comparison performance
analysis at 6 kts.

The TCM™ 2.5 exhibited approximately 5 degrees of pitch error on the ramp up and 10
degrees error on the ramp down. The TSS™ 335 data exhibited 1 degree of pitch error over
the entire tow period, and the OCTANS™ III exhibited negligible pitch error due to its
insensitivity to surge.
3.3

Sensor Filter Characteristics
The TCM™2.5 tilt sensor has a digital damping (filter) option that can allow for a

more stable reading. The digital damping filter time constants include values of 4, 8, 16, and
32. The sensor reading (output) values correspond to the following equation (PNI Corp)
Output = (1 − f (timeconst )) * current _ measuremen t + f (timeconst ) * old _ measuremen ts
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where

f (timeconst) = 10

1
log( )
2
timeconst

.

An experimental setup was developed which used the oscillating actuator and
potentiometer in a new configuration to characterize the amplitude response and phase delay
as a function of frequency for the TCM™ 2.5 at different digital damping settings, as shown in
Figure 3.3.1.

Figure 3.3.1: Experimental setup for TCM™ 2.5 filter
characterization.

Again, Fast Fourier Transforms (FFT) were performed on both the tilt sensor data and the
potentiometer data for several different actuator excitation voltages. The number of data
points used in each FFT was formulated each time by the next highest power of 2, greater than
or equal to the length of each data set with zero padding (typically 1024). Peak values were
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extracted from FFTs of each trial. The fundamental amplitude of the TCM™ 2.5 was divided
by the fundamental amplitude from potentiometer after the cart motion was calibrated to yield
a unit-less amplitude ratio. Amplitude ratio was plotted as a function of the input frequency in
Figure 3.3.2.

Figure 3.3.2: Effect of digital damping settings of the TCM™
2.5 on output to input amplitude ratio as a function of
frequency.

Matlab™ function angle was used to return the phase angle for each element in the complex
form of FFT the arrays. Phase value were extracted from the new array at the position of the
peak frequency in the corresponding real component of the FFT array for both the TCM™
2.5 and potentiometer data. The difference between the phase value extracted for the
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potentiometer minus that of the TCM™ 2.5 was designated as the phase delay. The phase
delay for each digital damping setting was plotted as a function of frequency in Figure 3.3.3.

Figure 3.3.3: Effect of digital damping settings of the TCM™
2.5 on phase delay as a function of frequency.

Note the -180 degrees of phase at approximately 0.8 Hz marks the stability margin for use of
the TCM™2.5 on the timeconstant = 32 setting; closed-loop control using this setting is not
possible at high frequencies.
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CHAPTER 4

MOTOR CONTROL CHARACTERIZATION

4.1

Motor Drive
Two Weeder Technologies™ Stepper Motor Driver Modules (WTSMD) were

installed into the Smart Tail for independent open-loop control of the starboard and port
hybrid stepper motors. The WTSMD is a stackable RS-232 stepper motor driver card that
advances the stepper motor a precise number of steps with an automatically generated s-curve
acceleration/deceleration slope profile (“ramp mode”) or a host incremental, single-step mode
(Appendix B). Figure 4.1.1 lists the command set for the WTSMD.
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Figure 4.1.1: Weeder Technologies™ Stepper Motor Drive Module
command set (Weeder Tech™).

In the Smart Tail, the motor positions corresponding to the minimum and maximum elevator
trajectory are 0 and 660 steps respectively, however, will be referred to in this document as –
330 and +330 steps from the reference position 0, which is the position of the elevators that is
parallel to the towfish (neutral). The minimum and maximum motor positions correspond to ±
37 degree (Appendix D) elevator angle as illustrated in Figure 4.1.2.
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Figure 4.1.2: Position (in steps) reference for elevators (not to scale).

4.2

Operational Mode Performance
The WTSMD units can be queried for motor position using the P command, preceded

with the header character assigned to the motor in query. The motor position can only be
queried before and after the ramp mode command is executed and similarly for single-step
mode since there was no provision for continuous feedback of the physical position of a
stepper motor. A potentiometer was temporarily connected to the elevator’s shaft to track the
trajectory of the elevators for both operational modes. The experimental setup where the
potentiometer is connected to the port side elevator is shown in Figure 4.2.1.
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Figure 4.2.1: Potentiometer setup for elevator positioning.

Since the measurement of the output voltage from the potentiometer was
asynchronous with the step commands, the trajectories of the elevators were sampled
approximately 300 times faster than the motor step commands were issued. This was done to
reduce noise in the trajectory measurement. The results from a 100 step command for both
modes are shown in Figure 4.2.2.

27

Figure 4.2.2: Single-step and ramp mode (R13, V50) position
profiles for a 100 step command.

4.3

Command Timing
The time elapsed during command sequences of different lengths was also investigated

using the potentiometer setup. Motor command timing is shown in Figure 4.3.1 for single-step
and ramp mode of dual and single motor excitation. Executable software nicknamed
SmartTail.exe (Appendix E) was written in order to send Weeder Tech™ defined
“simultaneous” commands, which have 20 ms between command packets. The software was
programmed to record the time taken to complete each command sequence.

28

Figure 4.3.1: Motor command timing for single-step and ramp
modes.

Figure 4.3.1 shows that for dual motor excitation, ramp mode (R13, V50 setting) is
slower than single-step mode up to 100 steps as the number of steps in the command
sequence increases, the single-step mode timing increases linearly to approximately 20 seconds
at full range , while the ramp mode approaches 6 seconds for full range of elevator motion.
Ramp mode is intended to prevent motor stall during acceleration or position overrun
during deceleration. In the event of motor stall, the WTSMD loses track of the motor position.
Although ramp mode has the desirable and faster long-range motion, once a command is sent
it cannot be interrupted. This is a major disadvantage for closed-loop control of a tow body,
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making command sequencing unfavorable for high frequency response. Advantages of the
single-step mode include faster command completion for up to 100 step moves and can be
incremented at any amount. It also has the advantage that if the tilt value from the TCM™2.5
were to change rapidly it would be possible to avoid continuing to issue a command sequence
that is no longer valid. For these reasons, single-step mode was chosen as the mode of
operation for the SmartTail software, which was ultimately developed as the Smart Tail
stabilization software package.
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CHAPTER 5

TOW TANK TESTING

5.1

Experimental Setup
In order to examine towfish motion while underway, tow tank experiments were

conducted at the University of New Hampshire’s Chase Ocean Engineering Laboratory. There
were three main objectives of this set of experiments. The first objective was to determine the
towfish’s transient characteristics of a step response in pitch and roll. The second objective
was to evaluate the steady state characteristics, more specifically the steady state pitch and roll
response of the towfish with constant non-zero elevator inputs at various tow speeds. The
third objective was to assess the coupling which, in this case, is the effect that pitch has on roll
and vice versa during steady state. The tow tank testing facilities are pictured in Figure 5.1.1.
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Figure 5.1.1 a) Tow tank testing facilities at University of
New Hampshire’s Chase Engineering Lab b) Towfish
mounted to the Tow Carriage Assembly (TCA).

5.2

Pitch Testing
For the pitch testing, the towfish was attached to the TCA via the PEL Swivel with its

one rotational degree of freedom oriented in the pitch plane. A shackle was attached to the
tail’s shroud with 1/8” aircraft cable extending to a quick release mechanism mounted to the
TCA. In each speed trial, the cable was attached to the quick release at start-up, giving an initial
pitch of approximately 10 degrees bow down. The elevators were then set into position. The
tow carriage was accelerated up to a constant tow speed, and at that point, an operator riding
atop of the carriage pulled the pin on the quick release that allowed the cable to go free. This
procedure was repeated for 15 speed trials for each of the different 10 elevator positions.
Speeds ranged from 0.5 to 6 knots with elevator positions ranging from –330 to +330 steps
from zero (neutral).
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Figure 5.2.1: Pitch transient response experimental setup at a)
pre-release condition b) post-release, steady state tow
condition.

5.2.1

Transient Response
To determine the towfish’s transient behavior, the elevators were set to the neutral

position and the pitch data were recorded during speeds trials of 0.5, 1, 1.5, 2, 3 and 4 knots. 5
and 6 knot speed trials were not performed for the transient response experiment due to
unsafe riding conditions for the operator at high speeds.
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Figure 5.2.2: Transient pitch response starting at t = 1 second
to an initial condition of -10 degrees.

Results in Figure 5.2.2 show the observed pitch response after release at t = 1 second; the plots
were smoothed with a three point running average filter. The response appears to be first
order at these tow speeds. The time constant was extracted from the 4 knot data as the time it
takes to reach 63.2% of steady state. Results show that there is clearly a decrease in the time
constant from 0.5 to 4 knots. Normal towing speeds for the sonar are 4 knots and above.
Under these operating conditions, the towfish would respond no slower in pitch than a time
constant of 0.3 seconds combined with a sampling time of 0.125 seconds.
5.2.2

Steady State Response
The steady state pitch experiments were carried out identically to the transient

experiments except that the quick release pin pull was modified; the modification was so that it
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was no longer required for an operator to ride the carriage. Instead, a cord was connected
from the pin to the back tow tank wall, and as the carriage traveled far enough away from the
wall the pin was released. Because of the constant cord length, for most trials the towfish was
released while the carriage was still accelerating.

This method enabled speed trials up to 6

knots while allowing enough time for the towfish to settle at steady state.
The 15 different speed trials were repeated for 10 different prescribed elevator
positions of -330, -250, -170, -90, -60, -30, 0, +30, +130, and +330 steps. Because of the
volume of trials performed, the data processing was semi-automated using a MatlabTM
program. Raw data was read into MatlabTM and appeared as in Figure 5.2.3.

Figure 5.2.3: Raw pitch data as read into MatlabTM software.
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To evaluate the steady state value of pitch, a point was handpicked on the flat area preceding
the second sudden dip in each dataset. This is to be sure that the final pitch value was
extracted before the carriage began to slow down. The selected point was entered into another
MatlabTM function, which averaged that point with the previous seven data points and returns
the average (a one second average, given the 8 Hz sampling frequency). Those values were
plotted against the tow speed to form Figure 5.2.4.

Figure 5.2.4: Steady state pitch vs. tow speed at various
elevator positions.

It is expected that, if the towfish has neutral ballast and is towed with the elevators in the
neutral position, the towfish should tow parallel to the flow. In this set of tow tank
experiments, the towfish was loaded tail heavy in static water. This is a more common tow
configuration in the field. The ballast condition indicates that the applied moment of the tail
must overcome the moment generated by the center of gravity’s displacement aft of the PEL
Swivel.
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Figure 5.2.5: Steady state pitch vs. tow speed for elevator in
neutral position case and static balance of 6 degrees bow up.

Figure 5.2.5 shows that the towfish, when initially balanced 12 degrees bow up(Appendix C),
does not orient within one degree of parallel to the flow during steady state for tow speeds
below 3 knots. This suggests that at these tow speeds the hydrodynamic righting cannot
overcome the particular tail heavy, 12 degrees bow up initial attitude. This observation, and the
fact that tow speeds for the Klein Series 5000 are 4 knots and above, took the focus away from
further analysis of the 0.5 to 3 knot range.
Steady state pitch vs. elevator position is plotted for 3 to 6 knot speeds in Figure 5.2.6.
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Figure 5.2.6: Steady state pitch vs. elevator position for 3 to
6 knot tow speeds.

The slope of the 4, 5 and 6 knot curves are presented in Table 5.2.1 with the corresponding
range of motion that results from the maximum elevator sweep of 660 steps.

Tow Speed
(kts)

Pitch Gain
(deg/step)
4
5
6

0.0167
0.0169
0.0188

Pitch Range
(deg)
11.02
11.15
12.41

Table 5.2.1: Steady state pitch/elevator position gain and
towfish pitch range for tow speeds from 4 to 6 knots.

Table 5.2.1 shows that a 12.5% increase in the range of controllable towfish pitch occurs over
the 4 to 6 knot tow speed range. However, since the typical tow speed is from 5 to 10 knots,
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the 6 knot value for gain (deg/step) was chosen to approximate the gain, independent of tow
speed.
5.3

Roll Testing
Roll testing was conducted similar to the pitch testing, although, the PEL Swivel was

oriented perpendicular to the flow for a degree of freedom in the roll plane and the towfish
was ballast to have the center of mass under the PEL Swivel. The shackle with connecting
cord was attached to the port side of the tail’s shroud, and the number of speed trials
conducted was decreased. After reviewing the pitch data, it was decided to omit speed trials
under 1.5 knots and to reduce the number of trials between 1.5 and 6 knots. Figure 5.3.1
shows the roll step response after the data was smoothed by a three point running average.

Figure 5.3.1: Transient roll response to an initial condition.
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The steady state gain and time constant for pitch and roll are presented in Table 5.3.1.

4 kts and
above

Kss
(deg/step)

τ (sec)

0.0188
0.25
Pitch
0.0948
0.6
Roll
Table 5.3.1: Steady state gain and time constant results for
pitch and roll.

The towfish time constant, sampling rate, and motor command sequence timing are together
considered the control update rate for the Smart Tail closed-loop control system. The slew rate
(degrees/second) is dominated by motor command sequence timing, which is much slower
than the towfish time constant found shown in Table 5.3.1.
5.4

Steady State Coupling
Isolated towfish roll is produced by a symmetric but opposite offset in the starboard

and port elevators about the neutral position. When the pot and starboard elevators are offset
about a position other than zero, the towfish experiences both pitch and roll. For example, if
the starboard elevator is set to zero and the port is set to +60 steps, the effective pitch would
be equivalent to the pitch produced from setting both elevators to +30 steps. In addition, roll
is caused by the 60 step difference between the two elevator positions. In this way, the towfish
experiences steady state coupling.
A test case of speed trials was done to verify this assertion. Four, 5 and 6 knot speed
trials were performed for each of the two configurations: +180 in port; 0 in starboard and +90
in port; +90 in starboard. The towfish was constrained to only allow rotation in pitch by the
PEL Swivel.
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Tow
Speed

S.S. Pitch
(deg)
+180/0

S.S. Pitch
(deg)
+90/+90

4
2.91
3.63
5
3.3
2.87
6
3.66
3.37
Table 5.4.1: Effect of coupling at steady state
swivel degree of freedom in pitch.

with

Table 5.4.1 shows that the +180/0 and +90/+90 cases have comparable pitch values at steady
state. The +180/0 case may have been effected by the torque in the roll direction impacting
the pitch degree of freedom of the PEL Swivel.
5.5

Elevator Loading
An additional tow tank experiment was conducted to investigate the applied lift force

on the elevators at tow speeds up to 6 knots at 9 degrees of pitch, which is the maximum value
of pitch expected. This information is useful for the prediction of motor stall during the
performance of the Smart Tail active control. Airline cable was attached from the Smart Tail to
a strain gauge that was mounted on the tow carriage. The cable was fastened to a length that
forced 9 degrees of pitch, bow down, as shown in Figure 5.5.1.
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Figure 5.5.1: Elevator loading experimental setup with
elevators positioned parallel to flow.

In order to determine the net load on the elevators, two sets of speed trials were performed.
The first set of trials was completed with the elevators set at position zero, which was parallel
with the tow body. The second set of trials was completed with the elevators set at position 77 steps, which corresponded to an angle that was parallel to the flow. The net load on the
blades was calculated by subtracting the load at steady state from trials with the elevators
parallel to the body minus the corresponding values from trials with the elevators parallel to
the flow. These values were plotted as a function of tow speed in Figure 5.5.2.
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Figure 5.5.2: Results for elevator loading up to 6 knots tow
speed.

Results from the elevator loading test show that the load on the elevators is proportional to
tow speed squared, as expected. The maximum steady-state load experienced on a single
elevator at 6 knots was approximately 8 lbs out of a total force (for the neutral case) of
approximately 40 lbs per elevator. The torque induced by this value does not exceed the 11 ftlb motor stall torque limit on the elevator shaft.

43

CHAPTER 6

FIELD TESTING

6.1

Testing Objectives
A one day cruise was conducted on the Research Vessel Gulf Challenger in May of

2006. The objective was to acquire the magnitude and frequency information of the towfish
pitch and roll motion during tow while observing variables such as speed through water, tow
cable tension, direction of tow and towfish depth. The tow took place at approximately 42° 59’
N, 70° 34’ W, near the Isles of Shoals, which is 7 miles off the coast of NH.
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Figure 6.1.1 Research Vessel Gulf Challenger off Portsmouth
Harbor.

6.2

Magnitude of Towfish Response
For the first part of the tow, the PEL Swivel device was attached to the towfish to

offer freedom of rotation in pitch between the towfish and the tow cable termination. The
towfish was towed for 50 minutes, retrieved to lock the PEL Swivel and then put back in the
water where it was towed for approximately 30 minutes. The high magnitude pitch spikes
(marked by dashed green line) in Figure 6.2.1 resulted from retrieval and re-deploying when
the PEL Swivel was switched from the unlocked to the locked state. With the PEL Swivel
unlocked, the magnitude of the pitch response ranged from ±10 degrees. After the PEL Swivel
was locked, the pitch response increased to ±20 degrees, although, it later reduced to ±5
degrees after the vessel made a major change in course at t = 66 minutes in Figure 6.2.1.
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Figure 6.2.1: Pitch and roll magnitude results from R/V Gulf
Challenger tow.

The tradeoff for using the PEL Swivel was either a very large pitch response or a very
small pitch response depending on the tow direction (relative to the local sea), or a mediocre
pitch response for all tow directions. Roll response stayed within ±5 degrees during tow,
unaffected by the use of the PEL swivel or tow direction. The largest roll values were observed
as the vessel was turning at t = 46 minutes and t = 66 minutes.
Results from the field test show that using the PEL Swivel unlocked kept the towfish
pitch within ±12 degrees. This and the negligible effect that the swivel had on towfish roll
response gave reason to implement the device in future field tests.
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6.3

Frequency Content in Towfish Response
Fast Fourier Transform (FFT) techniques can be used to extract frequency

components from the field-testing dataset. A sliding FFT was performed (by the MatlabTM
function spectrogram) on the pitch and roll data to create a spectrogram. A spectrogram is a 3dimensional representation of Power Spectral Density (PSD) as a function of frequency (yaxis) and time (x-axis). The resulting spectrogram from the field-testing data for roll and pitch
is plotted in Figure 6.3.1 and Figure 6.3.2. There is one section of the spectrogram that should
be disregarded. This includes features in the pitch and roll spectrograms between the 50 and
60 minute marks, when the towfish was retrieved and then re-deployed.

Figure 6.3.1: Roll spectrogram (color scale is Power Spectral
Density in dB) in the top plot and roll data from field testing in
the bottom plot (red).
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Figure 6.3.2: Pitch spectrogram (color scale is Power Spectral
Density in dB) in the top plot compared with major changes
in direction of tow during field testing in the bottom plot
(black).

A 256-point computation window was used with 50% overlap. That is, the first 256point FFT was computed on the dataset starting at t = 0 as well as each successive 256 points
in time (with 50% of the points used from the previous set) until the entire 87 minutes of data
were analyzed. From the results in Figure 6.3.1 and Figure 6.3.2 it is important to note that that
the frequency response was no greater than 1 Hz for pitch and 0.5 Hz for roll.
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6.4

Test Variable Observations
Various test variables were monitored while towing in order to provide insight as to

what the major contributors were to changes in towfish motion. This was later used to make
simplifying assumptions for mathematical modeling. These observations are plotted in Figure
6.4.1.

Figure 6.4.1 Observations after free tow from R/V Gulf
Challenger

Figure 6.4.1 shows that as the vessel began to change course after t = 30 minutes and
the speed through water increased. As a result, the towfish’s cable tension increased and its
depth decreased. A similar trend occurred after t = 65 minutes, although the load cell data
stopped due to software failure. The observations show that when the vessel changed direction
in a field of surface waves the magnitude and frequency at which the vessel exerted tension on
the tow cable changed. These changes in tension, in turn, particularly influenced the towfish
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pitch and to a much lesser extent towfish roll. The towfish roll was more a characteristic of the
vessel turning rather than the vessel heading relative to the field of surface waves.
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CHAPTER 7

MATHEMATICAL MODELING AND SIMULATION

7.1

Modeling the Plant
Dominant characteristics of the tow vehicle motion were incorporated into a

mathematical model that was developed based on first principles. Although more complex
models exist, the test tank facilities at UNH are currently not adequate for model parameter
characterization (i.e. hydrodynamic coefficients, torque on the vehicle from the tow cable, etc).
A robust controller can accommodate for model errors while meeting the stabilization
performance criteria.
The following equation of motion, developed from Newton’s laws, was used to
describe the dominant characteristics of the plant.

T = Jθ&& + bθ& + kθ
Equation 7.1.1

Where T is the resultant torque from the combined drag force acting as a righting moment
that keeps the vehicle parallel to the flow, the torque from the static ballast condition of the
vehicle, and the lift force (normal to the flow) input torque from the control surfaces. Here J is
the moment of inertia, b is a damping constant, k is a spring constant,
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and θ describes the rotation of the vehicle relative to vertical.
Tank testing in Chapter 5 showed that at higher tow speeds the effect of viscous
damping was much greater than the effect of the inertia. That observation allowed secondorder oscillating effects to be neglected. Thus, Equation 7.1.1 was simplified to the following
T = bθ& + kθ .

Equation 7.1.2

At a constant tow speed, it was assumed that the static ballast and righting moment from the
static components in the towfish do not vary and the lift force input torque is proportional to
the pitch or roll elevator configuration. The transfer function is as follows:

θ ( s)
X (s)

=

K ss
τs + 1

Equation 7.1.3

Where θ(s) is the output vehicle pitch or roll in degrees, X(s) is the plant input elevator
position pitch or roll configuration in steps, Kss is the steady state gain in deg/step and τ is the
time constant in seconds.
7.1.1

Simulating the Plant

The transfer function in Equation 7.1.3 was applied to pitch and programmed into a MatlabTM
Simulink workspace as shown in Figure 7.1.1.
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Figure 7.1.1: Plant model of pitch in SimulinkTM workspace.

The simulation was run with Kpitch and τp extracted from Table 5.3.1 and is compared to tank
testing results in Figure 7.1.2.

Figure 7.1.2: Pitch step response simulation results as
compared to 3 and 4 knot tow tank test data.
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Similarly, the SimulinkTM model for roll is shown in Figure 7.1.3.

Figure 7.1.3: Plant model of roll in SimulinkTM workspace.

The simulation was run with Kroll and τr extracted from Table 5.3.1 and is compared to tank
testing results in Figure 7.1.4.

Figure 7.1.4: Roll step response simulation results as
compared to 3 and 4 knot tow tank test data.
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7.1.2

Coupling Pitch and Roll

Steady state coupling, as described in Section 5.3 of this document, was applied to the
SimulinkTM model in Figure 7.1.5.

Figure 7.1.5: Coupled model of the plant in SimulinkTM
workspace.

The model shows that the elevator roll configuration, Xr(s), is the difference between the
starboard and port elevator positions and the elevator pitch configuration, Xp(s), is the sum of
the starboard and port positions, divided by two.

7.2

Modeling the Motors

The common equations of motion (Franklin, Powell, and Enami-Naeini) used for a DC motor
are the following

K t ia = Jθ&& + bθ&

Equation 7.2.1

Where
T = K t ia

Equation 7.2.2
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T is the applied torque on the rotor that is proportional to the armature current, J is the rotor’s
moment of inertia, and b is a viscous friction coefficient. After taking the Laplace Transform,
combining the above equations, and neglecting the effect of inductance results to the following
equation.
Θ( s )
K
=
Va ( s ) s (τs + 1)

Equation 7.2.3

where

K=

Kt
bRa + K t K e

Equation 7.2.4

Ra J
τ=
bRa + K t K e

Here Kt is the torque constant, Ke is the electric constant, and Ra is the resistance in the
armature circuit. These values, however, do not need to be defined because both K and τ were
experimentally determined.
7.2.1

Simulating the Motors

The transfer function in Equation 7.2.3 was put into a MatlabTM Simulink workspace as shown
in Figure 7.2.1.

Figure 7.2.1: Stepper motor model in SimulinkTM workspace.
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The simulation was run with Ttcm at the 8 Hz sampling frequency of the TCM™ 2.5 and τa
extracted from the slope of the single step, dual motor excitation data series and is compared
to lab testing results in Figure 7.2.2.

Figure 7.2.2: Comparison of simulation and stepper motor
performance after 100 single-step commands.

7.2.2

Adding the Motors into the System Model

Figure 7.1.5 showed the coupled model of the plant with a single input of the position of the
starboard elevator and separate input for the position of the port elevator. The model for the
stepper motors was added into the system model of the plant by connecting the output of each
stepper motor model to the Xstbd(s) and Xport(s) inputs. This is shown in Figure 7.2.3.
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Figure 7.2.3: System model including motor control.

Saturation limits of +330 steps to -330 steps were added to the model to account for the
physical limitations of the tail that stop the elevators from moving past these positions and are
referred to as the “range of control”.
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CHAPTER 8

CONTROLLER DESIGN

8.1

Feedback and Decoupling
The final Simulink™ model developed in Chapter 7 were modified for feedback

control by placing two negative feedback loops from the pitch and roll outputs and connecting
them into the stepper motor Command A and Command B inputs. A zero-order-hold was
added to each feedback path in order to simulate the 8 Hz sampling frequency of the TCM™
2.5 tilt sensor.
In addition, steady state decoupling was accommodated for in the command input.
This is to ensure that if towfish roll is desired, a roll command can be sent through the
Weeder™ boards so that no towfish pitch results, and vice versa. Decoupling was applied to
the system model. The towfish system is displayed in terms of path gains (Fussell 2005), as
shown in Figure 8.1.1.
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Figure 8.1.1: System coupling in terms of path gains.

The gain G1 is the product of all the system gains in the path from the first input u1 to the first
output y1. The gain G21 is the product of gains from u2 to y1. The gain G12 is the product of
gains from u1 to y2. The gain G2 is the product of gains from u2 to y2. Equation 8.1.1 shows the
system gains are organized into a matrix T.
y = Tu
where
⎡ G G21 ⎤
T=⎢ 1
⎥
⎣G12 G2 ⎦
⎡y ⎤
y = ⎢ 1⎥
⎣ y2 ⎦

Equation 8.1.1

⎡u ⎤
u = ⎢ 1⎥
⎣u 2 ⎦

The equation was solved for the system inputs u1 and u2 and is shown as follows,
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u = T −1 y .
Equation 8.1.2

The towfish system path gains are:
G1 = Ttcm ⋅ K roll
G2 =

Ttcm ⋅ K pitch

G12 =

2
.
Ttcm ⋅ K pitch

Equation 8.1.3

2
G21 = −Ttcm ⋅ K roll

Solving for T-1 gives the following

T −1

1
⎡
⎢ 2 ⋅T ⋅ K
tcm
roll
=⎢
1
⎢−
⎢ 2 ⋅ Ttcm ⋅ K roll
⎣

Ttcm
Ttcm

1
⎤
⋅ K pitch ⎥
⎥
1
⎥
⋅ K pitch ⎥⎦
.

Equation 8.1.4

For simulation, the T-1 matrix was incorporated into a state-space block that was placed ahead
of the system model developed in Chapter 7. For this state-space block, local parameters were
defined as such:
x& = Ax + Bu
y = Cx + Du

Equation 8.1.5

where,
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A = [0]
B = [0 0]
⎡0 ⎤
C=⎢ ⎥
⎣0 ⎦
1
⎡
⎢ 2 ⋅T ⋅ K
tcm
roll
D=⎢
1
⎢−
⎢ 2 ⋅ Ttcm ⋅ K roll
⎣

Ttcm
Ttcm

1
⎤
⋅ K pitch ⎥
⎥
1
⎥
⋅ K pitch ⎥⎦

Equation 8.1.6

which gave the equations:

y1 =

1
1
⋅ u1 +
⋅ u2
2 ⋅ Ttcm ⋅ K roll
Ttcm ⋅ K pitch

1
1
⋅ u1 +
⋅ u2
y2 = −
2 ⋅ Ttcm ⋅ K roll
Ttcm ⋅ K pitch

Equation 8.1.7

Again, input and output variables shown in Equation 8.1.7 are defined locally for the statespace De-Coupler block in the Matlab SimulinkTM workspace. The addition of this block to the
system model is shown in Figure 8.1.2.
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Figure 8.1.2: Decoupled system model with negative
feedback.

A simple check was made with the new model to see if the towfish stabilizes after it is given an
initial condition in pitch and in roll. The simulation was also used to see if the De-Coupler
works effectively. The simulation was run and the results are plotted in Figure 8.1.3 and Figure
8.1.4. The elevator positions are shown on the left and the towfish’s response on the right.
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Figure 8.1.3: Decoupled system response with -10 degree
pitch initial condition.

The simulation in Figure 8.1.3 shows that the towfish settled within 4 seconds after an initial
condition of -10 degrees in pitch. Zero roll resulted from the pitch command input. Although
the addition of the De-Coupler was not the complete controller implemented in the Smart
Tail, the time required for the towfish to settle in the simulation leads one to expect that the
towfish should be readily controlled for low frequency pitch disturbances.
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Figure 8.1.4: Decoupled system response with 10 degree roll
initial condition.

The simulation in Figure 8.1.4 shows that the towfish settled within 6 seconds after an initial
condition of 10 degrees in roll. Zero pitch resulted from roll command input. Although the
addition of the De-Coupler was not the complete controller implemented in the Smart Tail,
the time required for the towfish to settle in the simulation leads one to expect that the towfish
should be readily controlled for low frequency roll disturbances.
8.2

Controller Type
For simplified models, a robust controller is needed to maintain adequate stability

margins and performance levels in the presence of model errors (Brogan 1991). Proportional,
Integral, Derivative (PID) controllers can be tuned to give suitable performance based
exclusively on the knowledge of dominant system time constants. Therefore, this type of
controller was considered. A PID Controller (with approximate derivative) block was placed in
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the feedback paths of the system model in the Simulink™ workspace. A method was devised
to tune the controller’s proportional, integral, and derivative feedback gains: Kp, Ki, and Kd.
The integral gain, Ki, was set to zero for both the pitch and roll due to the presence of a free
integrator in the model. Thus, the controller is a PD controller. In order to tune Kp and Kd
for the multiple-input, multiple-output (MIMO) system, the model was broken up into two
single-input, single-output (SISO) systems, one for pitch and the other for roll.
The characteristic equation for each SISO was derived and then discretized. The root locus vs.
Kp was plotted in the z-plane to find the critical gain. Similar to the Ziegler-Nichols tuning
rules for PID controllers (Ogata 2004), the value of Kp was set to half the critical value, and
the characteristic equation was then rearranged to plot the root locus vs. Kd. A value of Kd
was chosen where the damping ratio was at the (industry defined) desirable value of 0.707.
8.3

Pitch as a Single-input, Single-output System
The system model was transformed to a SISO system by isolating pitch as the output

and designating the input to be, u2, in front of the De-Coupler. This is shown in Figure 8.3.1.

Figure 8.3.1: SISO pitch system model.
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For the SISO pitch model, the roll input u1 was set to zero and the equations of the de-coupler
became:

y1 =
y2 =

Ttcm

1
⋅ u2
⋅ K pitch

Ttcm

1
⋅ u2
⋅ K pitch

Equation 8.3.1

The continuous time open loop transfer function of the block diagram in Figure 8.3.1 was
reduced to:
⎞⎤ ⎛ K pitch ⎞
⎞ ⎛
T
T
1
1
C ( s ) ⎡⎛⎜
⎟ ⋅ (K d _ pitch s + K p _ pitch )
⋅ 2tcm ⎟⎥ ⋅ ⎜
=⎢
⋅ 2tcm ⎟ + ⎜
U ( s ) ⎢⎣⎜⎝ Ttcm ⋅ K pitch t a s + s ⎟⎠ ⎜⎝ Ttcm ⋅ K pitch t a s + s ⎟⎠⎥⎦ ⎜⎝ 2 ⋅ (t p s + 1) ⎟⎠

=

K d _ pitch s + K p _ pitch

t a t p s 3 + (t a + t p )s 2 + s

.

Equation 8.3.2

Since the root locus was plotted with Matlab™, the characteristic equation needs to take the
form

0 = 1+ K

num
den

where num is the numerator polynomial and den is the denominator polynomial (Ogata 2004).
With the PD controller added, the characteristic equation of the closed-loop transfer function
was the following,
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0 = 1 + K p _ pitch

(t

1

⋅ t p )s + (t a + t p )s 2 + (1 + K d _ pitch )s
3

a

.

Equation 8.3.3

Kd_pitch was set to zero in order to investigate the effects of proportional feedback gain on the
system dynamics. The following open-loop transfer function entered into Matlab™ was,

num( s )
1
=
.
3
den( s ) (t a ⋅ t p )s + (t a + t p )s 2 + s

Equation 8.3.4

Values for ta and tp were plugged in to Equation 8.3.4 and the discrete equation was generated
(by the Matlab™ function c2d) with the zero-order-hold method and a sampling period of
0.125 seconds.

num( z )
.01677 z 2 + .02935z + .002056
=
den( z ) z 3 − 1.627 z 2 + 0.6392 z − .01235

Equation 8.3.5

This was used to generate the root locus vs. Kp_pitch plot shown in Figure 8.3.2 and the Bode
diagram in Figure 8.3.3.
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Figure 8.3.2: Root Locus vs. Kp_pitch in the z-plane for the
SISO pitch model.

The data-tip in Figure 8.3.2 shows that the critical period is 6.41 rad/sec (≈1 Hz) and the
critical gain is 13.
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Figure 8.3.3: Bode plot for the Kp_pitch in the SISO pitch
model with Kd_pitch set to zero.

The Bode diagram in Figure 8.3.3 shows the system to have -180 degrees to -360 degrees of
phase in frequencies from approximately 6 rad/sec to 25 rad/sec (≈1 Hz to 4 Hz). This
suggests that, at the very best, the towfish can only be stable for disturbance periods larger
than 1 second. The proportional feedback gain and phase margins are both positive at values
equal to 21.3 dB and 69 degrees, respectively.
To look at the root locus vs. Kd_pitch, Equation 8.3.3 was rearranged as follows,

0 = 1 + K d _ pitch

(t

s

⋅ t p )s + (t a + t p )s 2 + s + K p _ pitch
3

a

.

Equation 8.3.6

After descritizing, the characteristic equation is
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C ( z)
0.3 z 2 − 0.2199 z − .08007
=
.
U ( z ) z 3 − 1.38 z 2 + 0.7036 z − .01235

Equation 8.3.7

Kp_pitch was set to half of the critical value extracted from the plot in Figure 8.3.2. The root
locus vs. Kd_pitch plot and Bode diagram generated from Equation 8.3.7 are shown in Figure
8.3.4 and Figure 8.3.5, respectively.

Figure 8.3.4: Root Locus vs. Kd_pitch in z-plane of SISO
pitch model with Kp_pitch set to half of the critical
proportional feedback gain.

The data-tip in Figure 8.3.4 shows that when Kd_pitch is 0.808 the system has a damping ratio of
0.707.
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Figure 8.3.5: Bode Diagram for Kd_pitch of the SISO pitch
model with Kp_pitch set to half of the critical proportional
feedback gain.

The Bode diagram in Figure 8.3.5 shows that for all frequencies less than 25 rad/sec (≈4 Hz)
the frequency response has less than 180 degrees of phase. The system phase margin has
improved to approximately 120 degrees at the expense of the gain margin, which has
decreased to approximately 17 dB.
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8.4

Roll as a Single-input, Single-output System
The system model was transformed to another SISO system by isolating roll as the

output and designating the input to be, u1, in front of the De-Coupler. This is shown in Figure
8.4.1.

Figure 8.4.1: SISO roll system model.

For the SISO roll model, the pitch input u2 was set to zero and the equations of the de-coupler
became:

y1 =

1
⋅ u1
2 ⋅ Ttcm ⋅ K roll

1
y2 = −
⋅ u1
2 ⋅ Ttcm ⋅ K roll

Equation 8.4.1

The continuous time open loop transfer function of the block diagram in Figure 8.4.1 was
reduced to:

⎞ ⎛
⎞⎤ ⎛ K
⎞
T
T
C ( s ) ⎡⎛
1
1
= ⎢⎜⎜
⋅ 2tcm ⎟⎟ − ⎜⎜ −
⋅ 2tcm ⎟⎟⎥ ⋅ ⎜⎜ roll ⎟⎟ ⋅ (K d _ roll s + K p )
U ( s ) ⎢⎣⎝ 2 ⋅ Ttcm ⋅ K roll t a s + s ⎠ ⎝ 2 ⋅ Ttcm ⋅ K roll t a s + s ⎠⎥⎦ ⎝ t r s + 1 ⎠
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=

K d _ roll s + K p

Equation 8.4.2

t a t r s 3 + (t a + t r )s 2 + s

The characteristic equation for the closed-loop transfer function takes the form:

0 = 1 + K p _ roll

(t a ⋅ t r )s

1

3

+ (t a + t r )s 2 + (1 + K d _ roll )s

Equation 8.4.3

Analogous to the pitch SISO, the derivative feedback gain Kd_roll was set to zero as follows,

num( s )
1
1 − e −Ts
=
⋅
den( s ) (t a ⋅ t r )s 3 + (t a + t r )s 2 + s
s

Equation 8.4.4

and then discretized to the form

num( z ) .007561z 2 + .01439 z + .001082
=
.
den( z ) z 3 − 1.832 z 2 + 0.8488z − .01653

Equation 8.4.5

This equation was used to generate the root locus vs. Kp_roll plot shown in Figure 8.4.2 and the
Bode diagram in Figure 8.4.3.
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Figure 8.4.2: Root Locus vs. Kp_roll in z-plane of SISO roll
model with Kd_roll set to zero.

The data-tip in Figure 8.4.2 shows that the critical period is 3.99 rad/sec (≈0.64 Hz) and the
critical gain is 10.5.
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Figure 8.4.3: Bode plot for Kp_roll in the SISO roll model
with Kd_roll set to zero.

The Bode plot in Figure 8.4.3 shows the system to have -180 degrees to -360 degrees of phase
in frequencies from approximately 4 rad/sec to 25 rad/sec, (≈0.64 Hz to 4 Hz). This suggests
that, at the very best, the towfish can only be stable in roll for disturbance periods longer than
1.5 seconds. The system gain and phase margins are both positive at values equal to 20.4 dB
and 57 degrees, respectively.
To look at the root locus vs. Kd_roll, Equation 8.4.3 was rearranged as follows,

0 = 1 + K d _ roll

s
.
(t a ⋅ t r )s + (t a + t r )s 2 + s + K p _ roll
3

Equation 8.4.6

After discretizing, the characteristic equation is
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C( z)
0.1422 z 2 − 0.101z − .04121
=
.
U ( z ) z 3 − 1.739 z 2 + 0.8758 z − .01653

Equation 8.4.7

Kp_roll was set to half of the critical value extracted from the plot in Figure 8.4.2. The root locus
vs. Kd_roll plot and Bode diagram generated from Equation 8.4.7 are shown in Figure 8.4.4 and
Figure 8.4.5, respectively.

Figure 8.4.4: Root locus vs. Kd_roll (in the z-plane) for the
SISO roll system with Kp_roll set to half critical proportional
feedback gain.

The data-tip in Figure 8.3.4 shows that when Kd_roll is 1.41 the system has a damping ratio of
0.707.
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Figure 8.4.5: Bode Diagram for Kd_roll of the SISO roll
model with Kp_roll set to half of the critical proportional
feedback gain.

Figure 8.4.5 shows that the phase margin has improved by approximately 160 degrees with the
addition of derivative feedback and the system is stable for all frequencies less than 25 rad/sec
(≈4 Hz). The gain margin increased to approximately 25 dB.
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8.5

Controller Parameters in the Overall Loop
Two versions of the controller were finalized for field testing. The primary version of

interest, Version 1, uses the gains from the controller established from the tuning method as
outlined in the previous section. Another version, Version 0, is a modification of the derivative
feedback gains. Table 8.5.1 shows the final choice for the Version 1 proportional and
derivative feedback gain values.

Kp V1
Pitch
Roll

6.5
5.25

Kd V1
0.882
1.41

Table 8.5.1: Controller parameters selected for Version 1 (V1)
implementation.

These values plugged into Equations 8.3.2 and 8.4.2 give the following respective transfer
functions

C ( s)
0.88s + 6.5
=
U ( s) 0.008s 3 + 0.282s 2 + s

Equation 8.5.1

0.379 z 2 − 0.011z − 0.056
C ( z)
= 3
U ( z ) z − 1.627 z 2 + 0.639 z − 0.012

Equation 8.5.2

for pitch and

C (s)
1.41s + 5.25
=
U ( s) 0.019s 3 + 0.632s 2 + s

Equation 8.5.3

0.242 z 2 − 0.069 z − 0.052
C ( z)
=
U ( z ) z 3 − 1.832 z 2 + 0.849 z − 0.017

Equation 8.5.4
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for roll.
The Bode Diagrams for each of these equations can now be plotted for the overall loop gain
of pitch and roll.

Figure 8.5.1: Bode Diagram for overall loop gain of the SISO
pitch Version 1 model.

The overall loop gain Bode Diagram for pitch Version 1 shows approximately 15 dB of gain
margin at a frequency of 16.5 radians/second (≈2.6 Hz) and 47 degrees of phase margin at a
frequency of 4.83 radians/second (≈0.77 Hz). Adequate disturbance rejection performance is
denoted by the frequency value at the 20 dB magnitude mark. This is the frequency at which
the Smart Tail is expected to provide sufficient corrective action to disturbances. The 20 dB
mark on the plot above indicates that the Smart Tail with Version 1 control can stabilize
disturbance periods greater than 11 seconds in pitch.
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Figure 8.5.2: Bode Diagram for the overall loop gain of the
roll Version 1 SISO model.

The overall loop gain Bode Diagram for roll Version 1 shows approximately 20 dB of gain
margin at a frequency of 18.2 radians/second (≈2.9 Hz) and 52 degrees of phase margin at a
frequency of 2.85 radians/sec (≈0.45 Hz). The 20 dB mark on the plot above indicates that the
Smart Tail with Version 1 control can stabilize disturbance periods greater than 13 seconds in
roll.
Controller parameters were adjusted to form Version 0 of the controller. Table 8.5.2
shows the final choice for the Version 0 proportional and derivative feedback gain values.
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Kp V0
Pitch
Roll

6.5
5.25

Kd V0
0.25
0.275

Table 8.5.2: Controller parameters selected for Version 0 (V0)
implementation.

The Bode Diagrams for each of these equations can now be plotted for the overall loop gain
of pitch and roll.

Figure 8.5.3: Bode Diagram for overall loop gain of the SISO
pitch Version 0 model.

The overall loop gain Bode Diagram for pitch Version 0 shows approximately 9.8 dB of gain
margin at a frequency of 8.4 radians/second (≈1.4 Hz) and 30 degrees of phase margin at a
frequency of 4.21 radians/second (≈0.67 Hz). The 20 dB mark on the plot above indicates
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that the Smart Tail with Version 0 control can stabilize disturbance periods greater than 11
seconds in pitch.

Figure 8.5.4: Bode Diagram for overall loop gain of the SISO
pitch Version 0 model.

The overall loop gain Bode Diagram for roll Version 0 shows approximately 14 dB of gain
margin at a frequency of 6.5 radians/second (≈1.03 Hz) and 23 degrees of phase margin, at a
frequency of 2.85 radians/sec (≈0.45 Hz). The phase margin for this version is on the small
side of the (industry defined) general rule of 30 degrees of phase margin; however, the
controller was implemented regardless. The 20 dB mark on the plot above indicates that the
Smart Tail with Version 0 control can stabilize disturbance periods greater than 16 seconds in
pitch.
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8.6

Test Inputs
The parameters from Version 1 of the SISO controller tuning were plugged into the

final working MIMO model shown in Figure 8.6.1. A saturation limit of ±5 steps and a
rounding function was added to the De-Coupler block output. This simulates the integer
format of the command given to the Weeder™ boards at the maximum rate of 5 steps per
communications heartbeat (8 Hz).

Figure 8.6.1: Multiple-input, multiple-output (MIMO) system
model with feedback control. Location of pitch and roll
disturbance are indicated by blue and red circles, respectively.

In order to anticipate an infinite variety of possible inputs, the simulation was used to
examine how the model reacts to aperiodic and periodic signals (Brogan 1991) with the
following test inputs:
1. Step Functions
2. Ramp Functions
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3. Sinusoids.
In the simulations, near maximum amplitude and frequency conditions are examined. The
method used was to place the disturbance input before the plant in Figure 8.6.1. The elevator
corrective action and towfish response was then observed and is presented in the following six
figures.

Figure 8.6.2: Simulated system response to a 10 degree pitch
step disturbance with PD control.

Figure 8.6.2 shows the system response to a 10 degree pitch step-input, starting at t = 1
second. After 10 seconds the towfish was within 4 degrees of horizontal. This simulation
implies that the towfish pitch can be stabilized at low frequencies, so long as the corrective
elevator action is within the range of control.
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Figure 8.6.3: Simulated system response to a pitch ramp
disturbance with PD control.

Figure 8.6.3 shows the system response to a 1 deg/sec pitch ramp-input, starting at t = 0
seconds. For the first 10 seconds the towfish remained within 4 degrees of horizontal. This
simulation implies that the Smart Tail may have difficulty stabilizing the towfish under a
prolonged pitch rate disturbance due to the range of control limits and magnitude of response
induced per step of elevator corrective action (i.e. the degrees/step gain found in Chapter 5).
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Figure 8.6.4: Simulated system response to a 0.5 Hz pitch
sinusoid disturbance with PD control.

Figure 8.6.4 shows the system response to a 0.5 Hz, 10 degree pitch sinusoid-input. The
towfish reduced the amplitude of the input to 7 degrees from horizontal. As indicated by the
Bode Diagram for overall pitch loop gain, the controller can reduce but not eliminate vehicle
response to high frequency pitch disturbances.
Similarly, the system response to roll is examined.
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Figure 8.6.5: Simulated system response to a 10 degree roll
step disturbance with PD control.

Figure 8.6.5 shows the system response to a 10 degree roll step-input, starting at t = 1 second.
The system settled within 2 degrees of horizontal after 5 seconds. This simulation implies that
the towfish roll can be stabilized at low frequencies, so long as the corrective elevator action is
within the range of control.
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Figure 8.6.6: Simulated system response to a roll ramp
disturbance with PD control.

Figure 8.6.6 shows the system response to a 1 deg/sec roll ramp-input, starting at t = 0
seconds. For the entire 10 seconds of the simulation, the towfish remained within 1 degree of
horizontal. This means that for the first 10 seconds of the simulation, the magnitude of roll
response induced per step of elevator corrective action is enough to stabilize the ramp
disturbance. After a prolonged period of time, this simulation implies that the Smart Tail may
have difficulty stabilizing the towfish under a roll rate disturbance due to the range of control
limits.
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Figure 8.6.7: Simulated system response to a 0.5 Hz roll
sinusoid disturbance with PD control.

Figure 8.6.7 shows the system response to a 0.5 Hz, 10 degree roll sinusoid-input. The towfish
reduced the amplitude of the input to 6 degrees from horizontal after 3 seconds. Again, as
indicated by the Bode Diagram for overall roll loop gain, the controller can reduce but not
eliminate vehicle response to high frequency roll disturbances.
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CHAPTER 9

CONTROLLER PERFORMANCE EVALUATION

9.1

Field Observations
Two surveys were conducted to evaluate the performance of Smart Tail. The first

survey was on October 19, 2006 and the second was on October 24th, 2006. Observations of
tow cable tension, towfish depth, and speed through water (SRW) were collected to provide a
record of possible differences that may have existed between the two surveys.
The same sensors were used to record the test variables as were used in the preliminary
field testing of the Smart Tail in May of 2006. The speed through water and pressure were
sampled at 1 Hz and the tow cable tension was sampled at 15 Hz. The cable tension was
down-sampled to 1 Hz using the decimate Matlab™ function. New time vectors were
constructed for each entire time series at one second increments, on the integer values. The
depth and speed through water measurements were interpolated using the interp Matlab™
function to align those measurements to the new time base. Tension and depth were plotted as
a function of speed through water and trend lines were fitted to each dataset, as shown in
Figure 9.1.1.
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Figure 9.1.1: Depth and tension as a function of speed
through water for the October 19th, 2006 survey.

The tow cable tension essentially varied quadratically with the tow speed. At the
highest speed, the sensor that was deployed to measure speed through water was observed to
rise and skip along the surface. That is that most probable cause for some of the tow cable
tension values to appear elevated in the speed range of 7 to 8 knots.
The October 19th survey was conducted in open ocean like conditions, (at about 43˚
04’ N, 70˚ 30’ W) approximately 6 miles off of the coast of Maine. The October 24th survey
was conducted in two different conditions, first in the river mouth near Portsmouth harbor (at
about 43˚ 03’ N, 70˚ 42’ W), New Hampshire and later in open ocean like conditions, (at about
43˚ 0’ N, 70˚ 39’ W) approximately 6 miles off the coast of New Hampshire. Trend lines from
each survey during the river mouth and open ocean conditions are plotted in Figure 9.1.2.
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Figure 9.1.2: Comparison of depth and tension vs. speed
through water trend lines from Oct. 19th, 2006 and Oct. 24th,
2006 surveys.

In general, the trend lines show that as the speed through water increases, the depth
decreases and the tension increases. These trends are in accordance with commonly known
physics of tow bodies. The differences in the depth curves at zero speed indicate the best fit
values of the different amounts of cable out when operating in the River Mouth as opposed to
operating in the Open Ocean.

93

9.2

Magnitude of Towfish Response
The magnitude of towfish response with and without control was analyzed by selecting

three sections of data, sections A, B, and C from the October 19th survey. This survey was
conducted with and without control Version 0 active during various portions of the survey.
Sections A and B were selected without active control, and the port and starboard elevators
locked in the neutral position. Section C was under active control using Version 0, where
proportional feedback gain is set to half the critical values defined in Chapter 8 and the
derivative feedback gains are around one quarter of the respective critically damped values.
Each section is 270 seconds in length and was selected during periods when the mean speed
through water and tension were reasonably constant. Figure 9.2.1 shows the juxtaposition of
the towfish pitch and roll response for all three sections.
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Figure 9.2.1: Sections A, B, and C from the October 19th,
2006 survey. Section C is with control Version 0 active.

All three sections were extracted from data taken when the vessel was on the same
heading and with the same amount of tow cable out. Section B is closest in time preceding the
control being turned from inactive to active and is therefore indicative of what the towfish
response might have been in Section C if the control had remained inactive. The largest
difference between the plots in Figure 9.2.1 is the change in mean value and standard deviation
of the towfish pitch. The sections are analyzed further to investigate how the major forcing
function, cable tension, differed from section to section and at what speed the towfish had
been towed.
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Figure 9.2.2: Section A of the October 19th, 2006 survey.

Figure 9.2.2 shows that section A was extracted from the dataset where the vessel was
traveling at a mean speed through water of 3.65 kts and the mean tension applied to the cable
was approximately 60 lbf. The tension plot appears to vary sinusoidally with a similar pattern
exhibited in the corresponding towfish pitch response. A variation of approximately 25 lbs in
the modulated waveform for tension corresponds to a variation of 9 degrees of pitch, with
peak amplitudes at 1260, 1360 and 1490 seconds.
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Figure 9.2.3: Section B of the October 19th, 2006 survey.

Figure 9.2.3 shows the mean speed through water and mean tension for Section B
were 6.57 kts and 101 lbs, respectively. Like Section A, corresponding temporal patterns
appear in the tow cable tension and in the towfish pitch response. A maximum variation of
approximately 50 lbs in the tension corresponds to a variation of 7 degrees of towfish pitch
response, with peak amplitudes at 1640, 1700, 1750, 1810 and 1900 seconds.
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Figure 9.2.4: Section C of the October 19th, 2006 survey.

Figure 9.2.3 shows the mean speed through water and mean tension for Section C
were 7.36 kts and 171 lbs, respectively. Again, the tension readings in Section C show
sinusoidal variations with low frequency amplitude modulation, however, with active control,
the pitch time series does not show signs of motion that corresponds in time with the variation
in tow cable tension. The mean pitch in Section C is closer to zero than in Sections A and B
which presumably is a result of the control effort. The mean roll of Section C approaches zero
after 50 seconds of the control effort. Table 9.2.1 shows the mean and standard deviation of
all of the variables observed in each section.
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σA
MeanB
σB
MeanC
MeanA
Tension
61.31
5.17
101.72
9.70
170.85
(lbf)
40.64
0.42
29.19
0.24
30.34
Depth (ft.)
3.65
0.90
6.57
0.55
7.36
SRW (kts.)
-2.05
1.58
-2.38
1.01
1.66
Pitch (deg)
1.26
0.49
2.55
0.73
2.62
Roll (deg)
Table 9.2.1: Mean and standard deviation values for variables
observed in Sections A, B and C of the October 19th survey.

σC
15.28
0.20
0.47
0.93
1.11

The results show a close relation between the variations in speed through water and
pitch for 10 second periods. The peak to peak variation in reported (observed) pitch during
sections B and C are comparable with the expected horizontal acceleration induced pitch error
in the TCM™2.5, assuming the observed changes in vessel speed were causing the towfish to
surge. The wave history for that survey from the nearest Gulf of Maine Ocean Observing
System (GoMOOS) buoy B – Western Maine Shelf was 8 second period with 2.6 ft. height at
12 pm (for Section A) and 8 second period with 2.2 ft. height at 1 pm (for Sections B and C).
9.3

Low Frequency Performance
Sections of data were extracted from the October 24th, 2006 survey during conditions

of dynamic speed, tension and heading to observe overall low frequency controller
performance in the open ocean setting. Throughout this chapter, cable tension has been used
to infer the forcing function for towfish pitch. Although high frequency compass heading
content cannot be considered a source of forcing function information for roll, major changes
in compass heading, as measured from the towfish, typically result from major changes in
course made good of the boat, and therefore can be used to determine when a large change in
roll is expected. From the data observed, major changes in speed always effected tow cable
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tension which in turn affects the pitch of the towbody. Mean speed though water for this data
segment was a constant of 6.5 kts. The wave history for GoMOOS buoy B – Western Maine
Shelf was 2.1 second period with 0.9 ft. height at 10 am, 3.2 second period with 1.0 ft. height at
11 am, and 8.0 second period with 1.3 ft. height at 12 pm.
First, a reference data set is extracted and shown in Figure 9.3.1.

Figure 9.3.1: A reference data set from the October 24th data
set, post 10:43 am with no control active.

Figure 9.3.1 shows while towing at 6.5 knots, 20 lbf and a change in heading of
approximately 50 degrees can cause an increase in roll of 7 degrees.
100

A section of data starting at 10:57 am of the October 24th, 2006 survey is examined. To
interpret the data set, note that the TCM™2..5 was mounted in the Smart Tail such that
positive pitch was tail down and positive roll was starboard down. To correct a positive pitch,
both elevators must move (downward) in a negative direction and vice versa. Correct a
positive roll, the port elevator (Position B) must move in the positive elevator direction and
the starboard elevator must move in a negative elevator direction (Position A). Figure 9.3.2
shows control was activated at t = 7330 seconds, marked by the dashed blue line.

Figure 9.3.2 Section of data from 10:57 am on October 24th,
2006 survey with control Version 1 active.

The towfish was fully lowered into the water by t = 7300 seconds. The boat started to
speed up after t = 7375 seconds. As the boat increased in speed, the elevator positions became
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more negative to counter the positive pitch. When the pitch crossed zero from positive to
negative, the elevators change direction and move in a positive direction. The elevators
responded with the appropriate corrective action at the zero crossing of towfish pitch.
However, the data indicated that the low frequency corrective action was not based on the
change in slope of the overall pitch motion. The design of the PD controller developed in
Chapter 8 was intended to implement corrective action based on a combination of the sign of
the pitch and the sign of the feedback signal’s smooth derivative, which is evident in the
simulations.
The first 100 seconds of Figure 9.3.2 indicate that both starboard and port elevators
were moving in the same manner, which indicated that large pitch corrections took precedence
over roll commands. After the first 100 seconds of the 10:57 am data section, as shown in
Figure 9.3.3, the port and starboard elevator positions start to diverge which indicates that the
controller has begun to issue commands that were intended to correct the roll of the towfish.
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Figure 9.3.3: 100 seconds after control active on 10:57 am
data set from Oct. 24th, 2006 with Version 1 control.

At the start of the data set in Figure 9.3.3, positive value of roll causes the difference
between position B and postion A to increase. Elevator Position B is greater than Position A,
which was the appropriate corrective action of a positive towfish roll. At t = 7460, the
difference between Position B and Position A is approximately 50 steps to correct a 2.5 degree
roll and increases to approximately 200 step difference by t = 7500 to correct a 6 degree roll.
According to the plant steady state gain in Table 5.3.1, 50 and 200 step differences correspond
to a 4.74 degree and 18.96 degree respective correction for 4 knots tow speed and above. This
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indicates that either the actual plant gain for roll was lower than expected, the Weeder™
motor control cards lost track of the elevator positions, or a combination of both.
At t = 7485 the position of elevator A can no longer decrease due to the -330 step
software limit on the range of motion. This is an example of how the available range of roll
control may be limited by a portion of the elevator control range allocated to pitch correction.
Note that the mean speed through water for this section was approximately 6 kts.
Another section of data was analyzed from a later time of the same survey with
Version 0 of the software activated. Startup conditions are shown in Figure 9.3.4.
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Figure 9.3.4: Startup condition and reaction of the towfish
from the 1101V0 control sequence.

At startup of the controller, there were was a small negative offset in pitch, however
there was a +6.5 degree roll offset. A decoupled roll and pitch command was immediately
executed to correct the positive roll and negative pitch. The decoupling command sequences
are evident in Figure 9.3.4 by asymmetrical separation of the elevators. The controller reduces
the roll from + 6.5 degrees to + 5 degrees until the roll range of elevator motion was exceeded
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at t = 7675 seconds. In an attempt to correct the +5 degree roll, the difference in elevator
position was approximately 430 steps. According to the plant steady state gain in Table 5.3.1, a
430 step difference corresponds to a 40.7 degree correction for 4 kts. tow speed and above.
Again it is evident that the elevator position was inaccurate and/or the actual plant gain for roll
was less than expected. A longer sequence of the data set is shown in Figure 9.3.5.

Figure 9.3.5: Section from 11:01 am of data from October
24th, 2006 survey with control Version 0 active.

106

In this dataset, there were three major changes in speed through water. The first major
change was when the mean speed of 5 knots dropped down to 3 knots after the 7700 second
mark. Control effort was evident by the major increase of elevator Position A and Position B
to the +330 step upper limit of the elevator motion. Over the period of approximately 50
seconds (t = 7725-7775), the controller was able to maintain pitch and roll values within ± 2.5
degrees of horizontal.
The second major speed change occurred at t = 7775 seconds; when the speed rapidly
increased from a mean of 3 knots to 4.5 knots. As the pitch increased from zero to +7
degrees, the pitch correction was given precedence over the roll correction. Elevator positions
begin to decrease immediately after the zero crossing of pitch (from negative to positive) until
the pitch was returned within ±2.5 degrees of horizontal. Roll correction was withheld, despite
the zero to 5 degree increase, until the pitch was within the ±2.5 degree range. After roll
correction commenced at t = 7800 seconds, the roll control range of elevator motion was
exceeded.
The third major speed change occurred at t = 7880 by increasing from 4.5 knots to 7
knots in approximately 75 seconds. The mean pitch value was maintained during this time
period, as shown by the decrease in elevator Position B. However, because the Smart Tail was
already operating at its positive roll correction limit, a 10 degree positive roll resulted that could
not be corrected.
9.4

High Frequency Performance
Two ten-minute segments of data were selected for high frequency performance

examination. One segment was from the 11057V1 dataset and the other was from the 1101V0
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dataset, both of which are during periods when both elevators were within their controllable
limits.

Figure 9.4.1: A 10 second segment of the 1057V1 dataset.

Figure 9.4.1 indicates that the pitch derivative feedback by virtue of the change in
direction of elevator Position A and Position B occurring one to two samples after a change in
the sign of the slope of the pitch.
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Figure 9.4.2: A 10 second segment of the 1101V0 dataset.

Figure 9.4.2 shows after a change in direction of elevator Postion A and Position B
occurring at a one sample delay after a zero crossings of the pitch signal. With the derivative
feedback so low in Version 0, the change of the pitch between 2 sample intervals was not
enough to influence the pitch command.
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CHAPTER 10

CONCLUSIONS

This study has successfully addressed the development of a closed loop controller for
the Smart Tail elevators that are intended to maintain near-zero tilt of a towfish under survey
conditions.

In the progression of this study, it was necessary to perform engineering

characterization of individual components that made up the system. The towfish motion was
characterized under realistic survey conditions, both with and without the benefit of the Smart
Tail attempting to actively stabilize the attitude to zero tilt. The former was conducted in the
early stages of the study in order to estimate bounds on the frequencies and range of motions
that the Smart Tail control plant may encounter. The latter was a necessary element of
proving the study objectives had been met. Several items like a reduced-length test tow body,
the PEL Swivel device, and a tow tank carriage apparatus (TCA) that were purpose-built for
this study will be useful tools for future developments that require side scan sonar towfish
testing.
Extensive engineering tests were conducted in the UNH tow tank to establish
behavior of the towfish/ Smart Tail assemblage at different tow speeds. Separate engineering
tests were conducted to evaluate the following: (a) different static balance conditions of the
test tow body with the Smart Tail attached; (b) tow body attitude as a function of the elevator
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positions and the tow speed; (c) lift/drag forces on the tow body as a function of the
towfish attitude, elevator positions and the tow speed; and (d) the relationship between tow
speed and recovery-time-to-level from an imposed initial non-level state.

Analysis and

interpretation of the test data provided information about the steady state righting forces that
the Smart Tail could impart to the towfish and the dynamics associated with employing the
controllable elevators to modify those forces. It is important to note that the forces exerted by
the non-movable elements of the Smart Tail were approximately ten times greater than the
variable forces that could be exerted by the control elevators of the Smart Tail.
The information acquired from the tow tank experiments and the initial early field
experiments were integrated into a mathematical model that was based on first principles.
Results from laboratory testing of Smart Tail’s electronic and mechanical components also
contributed in the development of this model. A multiple-input, multiple-output (MIMO)
system model was developed in the Matlab™ Simulink workspace. That model was decoupled
into two single-input, single-output systems (SISO), one for pitch, and the other for roll. PD
control was successfully implemented in each of the two feedback loops and the controller
gains were tuned using classical control techniques. The controller gains were then
incorporated into the original MIMO system. Ultimately, two versions of the SmartTail.exe
control software were prepared. The form of the different versions (Version 0 and Version 1)
were identical, however there was a difference in the derivative feedback gains. Visitors that
came into the electronics lab while the Smart Tail was being put through its paces by the
SmartTail.exe control software were fascinated to see the elevators autonomously running up
and down.
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A field test was designed whereby the final performance of the system could be
evaluated. Filed testing of the Smart Tail was then conducted on the R/V Gulf Challenger.
The performance of the Smart Tail controller during the field testing clearly indicated that the
elevator actions for correcting non-zero pitch and roll conditions of the towfish were of the
proper form. As a result of the controller decoupler, the pitch commands were given
precedence over roll commands. The pitch performance of the Smart Tail showed adequate
capability of correcting disturbances that might be described as low frequency towfish motion
and a non-zero mean trim in pitch. The pitch control maintained towfish attitude within ± 3
degrees from horizontal for tow conditions where speed changed up to 3 knots in an interval
of 50 seconds. However, the change in towfish pitch, observed in the field test for a given
change in the position of the elevators, was about half of what had been expected based on the
tow tank tests. This resulted in a greater portion of the total range of elevator control motion
being required to achieve level condition of the towfish than had been anticipated. Based on
this observation it would be advisable to increase the area of the control elevators relative to
the area of the non-movable structural elements of the Smart Tail. The roll low frequency
performance suffered due to the pitch corrections being given precedence over roll
corrections. This resulted in the bounds of the available roll control, in terms of elevator range
of motion, limiting the roll performance during the field tests. Furthermore, the ratio of the
towfish roll response to any roll command was markedly less than predicted based on the tank
tests. The possible root causes for this reduced roll response should be included in future
studies that may be conducted on the Smart Tail.
Derivative feedback on pitch and roll, which was intended to improve the
responsiveness of the control plant to high frequency deviations from zero tilt, did not
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significantly improve overall stabilization performance. This was due to limitations stemming
from the simple 2-point approximation of the derivative that was imposed by the low (8 Hz)
update rate of the towfish TCM™ 2.5 tilt sensor in the closed-loop controller and due to the
noise in the tilt feedback sensor. However, evidence that the derivative feedback gain was
impacting the performance did show up when comparing the high frequency performance of
the Version 0 and Version 1 of SmartTail.exe. In Version 0, which had a lower derivative
feedback gain than was used in the Version 1, it was clear that the motor control commands
were changing signs based on the value of the tilt feedback signal and not based on the sign of
the derivative of the feedback signal. In Version 1 it appeared that the sign changes of the
motor control were more in line with the derivative of the tilt feedback signal than with the
value of the tilt feedback signal. Implementing the intended derivative feedback scheme was
part of the decision to run the elevator motor controller in a single step mode where the motor
control could be modified after each step, if necessary. Designing and programming a Kalman
Filter for the SmartTail.exe controller is an excellent recommendation for future development.
The alternate mode for the elevator motor controller was a ramp mode where a single
command that was issued to make a large move was internally broken into a variety of
different move commands based on considerations of torque/speed. However, the down side
of the ramp mode was that the elevator motor controller was constrained to carry any
command to completion even though the tilt feedback sensor may begin indicating that
conditions had changed and the end point of the previous command was no longer valid.
This work has demonstrated that implementation of a side scan sonar stabilization
device based on tail elevator adjustment is feasible. A stability performance of ±2 degrees in
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pitch and roll over an interval of 10 seconds was achieved using the Smart Tail. However, the
peak-to-peak variations of towfish attitude at frequencies higher than 0.1 Hz were still larger
than one would have preferred them to be. Based on the susceptibility of the TCM™ 2.5
output to include effects of horizontal accelerations, it is not clear if the higher frequency
“tilts” were real or systematic errors due to surge. That gives ample justification to improve the
quality of the tilt feedback sensor as part of any future work with the Smart Tail.
Future development should include the integration of continuous hardware
elevator shaft positioning feedback and an increase in the power available for running the
elevator control motors. The increased power for the motors will provide improved
torque/speed characteristics and the continual hardware feedback of elevator position will
give assurance that the intended effect of a motor command was achieved.
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