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A magnetometer with a sensitivity of 0.01nT will be towed through the 

thermocline by a 2.87 meter long, 0.533 meter diameter autonomous underwater vehicle 

(AUV) to measure the magnetic fluctuations generated by oceanic internal waves.  At this 

point, no research has been found that suggests towed magnetometer measurements have 

been done using an AUV.  Simulations of the AUV, tow cable, and towfish are 

performed to provide an understanding of the effects of changing different input 

parameters, such as towing speed (0.5 – 2m/s), cable length (5 – 15m), vehicle trajectory 

(circle and vertical zig zag maneuvers), and current (0.25 – 1.25m/s).  The AUV-cable-

towfish system and equations of motion needed for the simulations are described herein.  

Results show that a 5m tow cable provides better towfish maneuvering than the longer 

cable lengths.  High towfish pitch angle is decreased by decreasing the distance between 

CG and CB.  Surface currents speed of 0.25m/s change the AUV and towfish circle 

maneuver to a spiral trajectory, while 1.25m/s current speed cause a zig zag trajectory. 
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1. Introduction 

Magnetic sensor systems are used frequently in the marine environment and most 

often include a magnetometer as a primary sensor.  Magnetometers track small variations 

in the Earth’s magnetic field.  These instruments have a variety of uses in marine 

applications, such as: detecting ship wrecks, locating underwater hydrocarbon reservoirs 

for the extraction of petroleum, and detecting ferromagnetic material that is used to build 

submarines, mines, and other warfare equipment.   

Over the last few decades, ocean magnetics research has shown that 

electromagnetic field (EM) fluctuations similar to those produced by ferromagnetic 

material are being generated from the flow of seawater across distinctive geological 

formations and/or by seawater movement in shallow water [6], [10], [16], [34], [37], [43].  

Internal waves, surface waves, internal bores, and solitons are examples of seawater 

movement that have the greatest impact on the EM field.  It has therefore become of 

interest, particularly to the United States Navy, to understand how these phenomena 

directly affect the magnetic field.   

The ultimate goal of this project is to design a system that will establish a 

coherent relationship between variations in seawater movement and EM field 

fluctuations. This report describes the modeling and simulation of an autonomous 

underwater vehicle (AUV) and towed magnetometer system that will be used in future 
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experiments to measure the magnetic field fluctuations in the thermocline off the Fort 

Lauderdale, United States, coast. 

The following presents a description of the system setup, provides background 

information on similar systems, describes the formulation of the AUV and magnetometer 

models developed in Matlab, and describes how OrcaFlex was used to simulate cable 

forces.  Finally, a description of how the two programs were interfaced to develop a full 

system simulation will be presented along with results of the dynamic responses of the 

AUV-towfish system.   

1.1. Problem Statement 

Systems for measuring the magnetic fluctuations caused by internal waves are 

under development.  Internal waves occur in the thermocline where the seawater density 

changes abruptly in the vertical direction in comparison to the layers of seawater above 

and below the thermocline layer.  Previous magnetic field testing has shown that the 

fluctuations caused by internal waves are on the order of 0.1 to 1.0 nT [6].  Since the 

Earth’s magnetic field is around 45000 nT, it is necessary to use a magnetometer with a 

sensitivity less than 0.1 nT to capture the fluctuations caused by internal waves.   

The AUV-towfish system must detect magnetic fields that are five orders of 

magnitude smaller than Earth’s ambient magnetic field, and therefore has more variables 

that must be isolated and addressed for the experiment to be successful.  Firstly, the 

magnetometer may register ambient noise within close range, particularly the noise 

generated by the tow vessel [47]. Secondly, the amplitude of the magnetic spectra has 
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been shown to increase as the frequency of internal waves decreases [6].  For this project 

the frequency band of interest for internal waves is 0.1 to 0.0001 Hz.  Finally, 

magnetometer orientation has shown to have a significant impact on sensor readings; 

reference [44] reported that a 180 degree rotation of the Sentinel magnetometer caused 

the noise floor to drop from 100 �� √��⁄  to 40 �� √��⁄ .  The magnetometer chosen 

for this project must undergo testing to determine its orientation constraints.   

In order to understand how to minimize the effects of these variables, background 

research of different aspects of the AUV-towfish design was necessary.  Topics included: 

previously developed ocean magnetic sensor systems, such as AUV mounted sensor 

systems and towed sensor systems, thermocline detection with an AUV, and computer 

modeling and simulations of AUVs and towfish.  Conclusions of this research are 

presented in section 1.2. 

1.2. Background 

The magnetometer towfish will be towed through a thermocline by an AUV.  The 

AUV-towfish system was chosen due to: large separation between noise generating 

sources on the AUV and the magnetic sensor, capabilities of the AUV to find the 

thermocline, and possibility for better towfish stability [1], [2], [8], [38], [45].  

Simulations of the AUV-towfish system will help characterize the effects of towing 

speed, cable length, and course changes on the stability and trajectory of the system.   

AUVs have been used for ocean magnetics research several times in recent years 

[8], [45].  In many cases, the drive for an AUV-magnetics system initially developed 
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from the need to replace human mine hunters in shallow water since AUVs could travel 

through a minefield with minimal risk to personnel [23].  However, many tests have been 

conducted to determine if AUV-mounted magnetic sensors provide a realiable method for 

measuring magnetic field fluctuations [1], [2], [5], [8], [45].  Results from these reports, 

which are described below, show that too much noise is generated from AUV systems, 

and towing a magnetic sensor from an AUV would provide more accurate data.   

A Real-time Tracking Gradiometer (RTG) is an AUV-mounted magnetic sensor 

system that has been widely reported at various conferences and documented in the 

literature [1], [2], [45].  A RTG has a triangle configuration with three corner-mounted, 

3-axis vector magnetometers and a fourth 3-axis vector magnetometer to nullify the 

earth’s magnetic field.  See Figure 1. 

 

Figure 1: Second generation RTG [2] 
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Allen et al. [2] studied the magnetic field generated by the Morpheus AUV to 

determine the best location for an RTG on an independently moving vehicle.  When 

powered off, the vehicle did not produce a strong enough EM field to disturb the sensors.  

However, the AUV’s electrical systems produced significant electromagnetic interference 

(EMI) when the vehicle was powered.  Results show that the nose of an AUV is the best 

location for the RTG since most of the noise sources, such as the fin actuators, motor, and 

controller, are located at the rear of the vessel. 

Mounting a magnetometer, such as a RTG, on the nose of an AUV is not enough 

to effectively cancel all noise.  Wynn and Bono [45] tested a RTG mounted beneath the 

nose of a Remus AUV and added many reference sensors in an attempt to cancel the 

noise caused by both the motor and the rotation of the vehicle.  For the tests, the vehicle 

was placed on a motion table in magnetically quiet facility, and control surfaces on the 

vehicle were kept stationary.  Data was collected from four different tests: motion table 

not moving, system off; motion table moving, system off; motion table not moving, 

system on; motion table moving, system on.  The motor ran at an unreported constant 

speed for system on tests.  Direction and speed of the motion of the table was not 

reported.  In the final test with Remus moving and all systems on, the noise was not 

totally canceled.  They reported problems with the reference sensor possibly not picking 

up the same signal as the test sensors.  Their work shows that it is quite difficult to cancel 

out all the noise generated by an AUV even with the sensor placed at the nose and 

reference sensors placed throughout the vehicle.  
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Similar results were shown in [8] where the P2000 total field gradiometer was 

tested on two vehicles: the Bluefin BPAUV and the Reliant Bluefin Unmanned 

Underwater Vehicle (UUV).  In these experiments, the AUVs were each placed on a 

motion table and programmed to flap the rudder and elevator back and forth at a one-

degree amplitude.  The motors were each set to 500 revolutions per minute (rpm), and the 

amplitude spectra was compared between vehicles.  Results showed the vehicles have 

similar magnetic observations below 1 Hertz.  Above 1 Hertz, Reliant had a lower 

gradient noise, which was believed to be caused by the difference in battery 

configurations.  For the next experiment, the RTG was rotated from its original position 

on Reliant so that the center of the gradiometer was three feet closer to the battery banks.  

This decrease in distance between the RTG and batteries increased the compensated 

amplitude spectra by approximately 8 to 10 times.  In addition, when any of the reference 

sensors were removed, the noise level was increased by at least one order of magnitude at 

the lower frequency range of 0.1 to 0.4 Hertz [8].  In order for P2000, RTG, or other 

magnetic sensors to be used on UUVs, instrument mountings should be as large a 

distance away from the batteries, the current traveling throughout the vehicle must be 

monitored and controlled, and all magnetic noise generating sources must be given a 

reference sensor [1], [2], [5], [8], [45].  However, mounting the magnetometer on an 

AUV shows to be too unreliable for producing accurate results in experiments requiring 

high sensitivity. 

Magnetometers are often towed behind ships as opposed to mounting the sensors 

directly on an AUV.  This eliminates the need to place multiple reference sensors on a 

vehicle.  However, the magnetometer may still pick up the magnetic fields generated by 
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the towing surface vessel, even when the to cable is the recommened length of 1.5 – 3 

times the length of the towing vessel [47].   In addition, a tow cable can transmit surface 

induced motions to the towfish and can potentially orient the towfish into a “dead zone”;  

dead zones for many magnetometers are within a + 15 degrees “cone” along the sensor’s 

axis [21].   

As previously mentioned, magnetic field fluctuations caused by internal waves 

are between 0.1-1nT, which is much smaller than the earth’s magnetic field: 45000 nT 

[6].  This makes it very important to reduce the amount of noise around the 

magnetometer.  Therefore, an AUV will be used to tow the magnetometer so that the 

sensor will not experience motions from the surface waves and the distance between the 

vehicle and sensor can be large enough for the magnetic noise of the vehicle to not be 

detected.   

AUVs have the capability to accurately maneuver to pre-determined waypoints, 

which allows measurements to be made within the thermocline, assuming the vehicle is 

stationary or slow varying.  Clabon [11] is one example of a successful experiment that 

involved programming an AUV to travel through the thermocline.  In this work, the 

capabilities of the Ocean Explorer AUV were enhanced to include an updated software 

package, oceanographic sensing devices, and two interchangeable depth control 

algorithms.  Initially, each algorithm was tested in an AUV motion simulator.  The first 

algorithm used a model of an oscillating trajectory to determine the depth of the 

maximum temperature gradient.  The AUV received commands from the controller to 

oscillate continuously at this depth and collect data associated with the thermocline.  The 
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second algorithm used a sternplane controller.  In this case, the AUV responded to 

onboard sensors that were assessing if the local temperature gradient increased or 

decreased along in the vertical direction.  Figure 2 shows how the temperature gradient 

changes throughout the thermocline. 

 

Figure 2: Thermocline Diagram 

When the magnitude of the temperature gradient was increasing, the AUV 

continued descending; when the magnitude of the temperature gradient was decreasing, 

the AUV ascended until the maximum temperature gradient was detected. As the AUV 

maintained its relative vertical position within the thermocline, instruments such as a 

conductivity-temperature-depth (CTD) instrument collected oceanographic data.  

Conclusively, results from both algorithms showed good agreement with the preliminary 

data from the oceanographic test field.  Clabon’s experiments have essentially shown that 

an AUV can be an acceptable platform for tracking and surveying the thermocline in the 

ocean.   
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Dynamic responses, such as body position, velocity, orientation, and orientation 

rates, can be determined for various AUVs and towed bodies using computer simulations 

that solve the equations of motion as shown in [35], [36], [38], [39], [40], [41].  Schuch et 

al, [40], [41],  produced a simulation of a two-stage tow of an acoustic Doppler current 

profiler (ADCP) that was used to measure small-scale ocean turbulence.  He developed 

both nonlinear and linear equations and used the results to develop a proportional integral 

derivative (PID) controller to reduce the disturbances felt on the tow body.  Simulations 

of the tow force were also conducted but only for the pigtail section of the tether, which 

connected the depressor weight to the towfish.  Prestero [35], [36] and Rentschler [38], 

[39] derived coefficients for an AUV and simulated the six-degrees-of-freedom motion 

through integration of the equations of motion.  Prestero conducted tow tank experiments 

to derive the axial drag coefficient and measure the thrust of the propulsion system.  At-

sea experiments with step changes in rudder and sternplane deflections were also done to 

prove the accuracy of the model.  Results from these experiments were used to refine the 

coefficients for a more accurate model of the vehicle.  Rentschler determined nonlinear 

and linear coefficients for different vehicle lengths and speeds.  These coefficients were 

also modified after comparing the simulation results with field tests.  Finally, Renstchler 

developed a PID controller based on linear yaw and pitch models.   

Other efforts have simulated the motion of a cable using finite element modeling 

(FEM) or a lumped mass approach. Nasuti et al [28] used FEM to study the 

hydrodynamic forces and moments on the vehicle, cable, and finally, the coupled system.  

References [9], [22], [32] discuss the use of a lumped mass approach for simulating a tow 

cable and towfish.  In this type of modeling, the cable is decomposed into sections so that 



10 

forces and moments can be determined for each individual section.  These works use the 

approach of modeling the towfish and cable separately, and then later combining them 

into one coupled model by adding the towfish as the last element of the cable.   

Based on the above mentioned research, it is believed that an AUV is a promising 

alternative for towing a magnetometer.  The AUV has the capabilities to pull the sensor 

through the thermocline, potentially without much noise disturbance.  Due to the success 

of previous attempts to model and simulate each subsystem in the proposed system 

arrangement, it is believed that a simulation of the AUV towing a sensor platform will be 

of utility for determining an acceptable towing arrangement and cable length. 

1.3. Objectives 

The goal of this thesis is to understand the dynamic interaction between a Bluefin 

AUV, towline, and a Seaspy magnetometer towfish through computer simulation.  See 

Figure 3: Bluefin AUV and Figure 4: Seaspy magnetometer and tow cable.  

 

Figure 3: Bluefin AUV 
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Figure 4: Seaspy magnetometer and tow cable 

The simulation will accept a multitude of inputs and provide the resulting outputs 

of the system as shown in Table 1 and Table 2. 

Table 1: Simulation Inputs 

Input Variable Tests 

Waypoints Straight Circle Zig Zag 

Cable Length 5m 9m 15m 

Percent Thrust 40% 60% 80% 

Current 0.25 m/s 0.75 m/s 1.25 m/s 
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Table 2: Simulation Outputs 

Outputs Results 

AUV Trajectory � � � 

AUV Body Velocities  � � 

AUV Orientation � � � 

AUV Motion Rates � � � 

Tension at AUV-Cable Connection ������ ---- ---- 

Towfish Trajectory � � � 

Towfish Body Velocities  � � 

Towfish Orientation � � � 

Towfish Motion Rates � � � 

Tension at Towfish-Cable Connection ������ ---- ---- 

 

The objectives are to determine the effects changes in each input value have on 

the different outputs.  Waypoints generating circle and zig zag patterns represent typical 

maneuvers used for tracking internal waves within the thermocline and are representative 

of motions the system will experience during field testing.  The final simulation will 

ensure that: 

• Positions of the AUV and towfish remain at least 1.5 vehicle-lengths apart at all 

times to protect the sensitivity of the magnetometer 
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• Manuevering of the AUV is possible without interfering with the tow cable and 

towfish stability 

• Cable does not bend to a diameter smaller than 0.25m at any section 

• Forces on the cable will not exceed 2,500kg times the acceleration due to the 

breaking strength of the cable 

1.4. Contributions 

Simulations of the AUV-towfish system contributes to the overall project goal of 

characterizing the magnetic field signature of internal waves in the following ways: 

1. Facilitate future offshore experimental setup  

2. Determine environmental conditions under which the system will perform more 

effectively 

3. Test the usefulness of using an AUV as a tow vessel 

4. Verify the accuracy of coupling Matlab and Orcaflex 
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2. Approach 

Simulations of the system were initially broken down into individual models of 

the AUV, towfish, and cable-towfish.  This allowed for convenient troubleshooting and 

system verification.  Matlab was first used to calculate the hydrodynamic coefficients, 

solve the equations of motion, and verify the accuracy of the AUV model and towfish 

model.  The hydrodrynamic coefficients calculated for the towfish were then used to 

generate a towfish model in Orcaflex.  Next, a cable with one end connected to the 

towfish and one free end was included in the model.  The motion of the free end of the 

cable was controlled by AUV position and orientation data determined in Matlab as a 

function of time.  As inputs changed for the AUV motion, the Orcaflex model simulated 

dynamic responses of the towfish and sent data back to Matlab.  

Chapter 2 breaks down the component simulations and describes the theory used 

for each model.  The interfacing between Matlab and OrcaFlex is later described, 

followed by a detailed description of the setup of the full system simulation.   

2.1. Matlab Models 

The AUV and towfish models were developed in Matlab Version 7.11.  The 

equations of motion used to develop the AUV and towfish models are described in 

section 2.1.1, along with the equations used for calculating the hydrodynamic coefficients 
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for the AUV and towfish.  AUV and towfish values are given in sections 2.1.2 and 2.1.3, 

respectively.  

2.1.1. Equations of Motion 

The dynamics and kinematics of the AUV and towfish are governed by motions 

in the x, y, and z axes.  The body and inertial axes in relation to the AUV and towfish 

body are shown in Figure 5 and Figure 6, respectively.  The origin of the body-fixed 

coordinates is located at the center of buoyancy of each body.  

 

Figure 5: AUV Inertial and Body Coordinate Systems 
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Figure 6: Seaspy Inertial and Body Coordinates 

Velocities are represented in each direction as shown by u (surge), v (sway), and 

w (heave).  Euler’s angles �, �,  and ψ represent roll, pitch, and yaw, and rotation rates 

are p, q, and r.  The positive direction follows the right hand rule for each axis; for 

example, positive roll is to starboard, positive yaw is to starboard, and positive pitch is 

nose up.  The state vector can therefore be written as [3], [40], [41]: 

�� = �  �   Θ   !
Ω

",  (1) 

where     

 � ###� = $  �  �  �  %    & ####� = ' �   � 
ψ

(  !#� = $ �� % Ω###� = $  ��� %. (2) 

The transformation matrix ) * is used to change from body-fixed coordinates to inertial 

coordinates [19]:   
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) * =
    '+,- ψ +,- � −-/0 ψ +,-  � + +,- ψ -/0 � -/0 � -/0 ψ -/0 � + +,- ψ +,- � -/0 �-/0 ψ +,- � +,- ψ +,- � + -/0 � -/0 � -/0 ψ − +,- ψ -/0 � + -/0 � -/0 ψ cos φ− -/0 � +,- � -/0 � +,- � +,- � (.  (3) 

The translational kinematic equations is defined using the rotation matrix: 

� ###�6 = ) *!#�. (4) 

Rotation rates are related to the time rate of change of Euler’s equations using the 

rotational kinematic equation [3], [40], [41]: 

7 �6�6
ψ6  8 = ' 1 sin � tan � cos � tan � 0 cos � − sin �0 sin � cos �⁄ cos � cos �⁄ ( $ ��� %. (5) 

Kirchoff’s equations of motion for a rigid body in an ideal fluid [25], [40], [41] is 

defined as: 

$  =##� >?  > @�  % $  !#�6A#�6   % = $  B=!######� + >?Ω###�C × Ω###� + ���EFB@Ω####� + D!#�C × Ω###� + B=!######� + >?Ω###�C × !#� + =##��EF  %, (6) 

where the sum of the external forces and moments acting on the AUV and towfish are: 

���EF = 7 �E �H �I 8 =  �J�KLMF + ��NOH�P�H + ��OQH + �F�K� + ������, (7) 

=##��EF = 7 =E =H =I 8 =  =RS + =�OQH + =F�K� + =Q�TUKPL + =�����. (8) 
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The mass matrix is given by:  

=##� = 7   VW1 + XYZ 0 00 VW1 + X[Z + \]6 00 0 VW1 + X[Z + ^J6   8 , (9) 

where the added mass coefficients are used to represent the forces that push fluid around 

the body.  Added mass is the amount of fluid mass that surrounds a submerged body and 

is forced to move with the body as it accelerates [31].  The mass of the body is given by 

V.  The added mass coefficients \]6  and ̂ J6  can be estimated by multiplying the equation 

for a two-dimensional plate by the tip to tip span of the fins [3], [30], [40], [41]    

\]66 = \]_[`6 a = bc d�[e[ a, (10) 

\]6 = ^J6 ,  (11) 

where a is the tip to tip span, + is the chord length of the fins and c is density.  Constants 

XY, X[,  and Xf in equation (9) are used in both the added mass matrix and added inertia 

matrix.  Equations for a prolate spheroid are used to approximate the X values [15], [40], 

[41]: 

XY = gh[igh ,      X[ = jh[ijh ,         Xf = �kWjhiglZW[i�mZB[�miW[i�mZWjhiglZC , (12) 

where  

no = [BYi�mC�p Y[ ln dYr�Yi�e − s ,   to = Y�m − Yi�m[�p ln dYr�Yi�e , (13) 
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and s is the eccentricity given by  

  s = u1 − d`v�v e[wY [x
. (14) 

The matrix >##� in equation (6) represents the inertial coupling between translational 

and rotational motion [26] and is required in the equations of motion since the center of 

gravity and the center of buoyancy are not co-located.  This matrix is given by: 

>##� = '  0 −V�RS V�RSV�RS 0 −V�RS + =J  6−V�RS V�RS + y]6 0 (, (15) 

where   y]6 = z{\]66 ,  (16) 

and   =J6 = y]6 .  (17) 

The body inertia and added inertia matrix @� used in (6) is given by: 

@� = 7  |EE + }U6 −|EH −|EI−|EH |HHW1 + XfZ + =~6 −|HI−|EI −|HI |IIW1 + XfZ + y�6   8, (18) 

where }U6 , =~6 , and y�6  are the added inertia coefficients from the fins.  Added inertia 

coefficients are defined using the dimensions of the fins: 

}U6 = }U_[`6 + = [� c d�[e� +, (19) 

y�6 = z�[\]66 ,  (20) 

=~6 = y�6 ,  (21) 
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where z� is the distance from the body axis origin to the centriod of the fins.   

Constants used in the formulation of the equations of motion were either 

estimated from similar shapes or adapted from references who reported experimental data 

on the body.  The weight and buoyant forces and CG moment are simple matrix 

calculations 

��J�KLMF = ) * '  0 0�   (, (22) 

���NOH�P�H = ) * '  0 0−�  (, (23) 

=##�RS = ��RS × ��J�KLMF, (24) 

where 

��RS = ' �RS�RS �RS  (. (25) 

The other external forces and moments are determined based on properties of each body.  

Calculations for an ellipsoid were used to describe the general shape of the body: 

z� = �) ∗ >,  (26) 

�� = b `m� ,  (27) 

!� = �f b d`m� e d��[ e, (28) 
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where z� is the characteristic length, �) is the fineness ratio, �� is the surface area, !� is 

the  volume, and >� is the diameter of the body.  The moments of inertia were estimated 

using equations for a cylinder, and therefore |HH = |II, due to symmetry [9], [30] 

|EE = Y[ V `vm� ,  (29) 

|HH = |II = Y� V �d�v [ e[ + d`v[ e[�, (30) 

where >� and z� are the lengths of the minor and major axes, respectively. The 

hydrodynamic force and moment acting on the bodies are formulated in the current frame 

during the simulation [40], [41].  The current frame has an origin at the center of 

buoyancy.  The x axis is defined by the velocity vector of the body with respect to the 

local body of water, the z axis is in the plane of symmetry of the rudder and vehicle, and 

the y axis follows the right hand rule coordinates.  The current frame is defined using 

hydrodynamic angles that relate the velocities of the vehicle to the body of the vehicle 

[18], [40], [41].  The hydrodynamic are:  (Figure 7) 

|!| = √[ + �[ + �[, (31) 

n = arctan JN ,  (32) 

t = arcsin ]|�|,  (33)  

� = ��+-/0 ��]mrJm|�|m �.  (34) 
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Figure 7: Hydrodynamic Angles 

The current to body rotation matrix is developed using the hydrodynamic angles [40], 

[41] 

)*� = 'cos n cos t − cos n sin t −sin nsin t cos t 0cos t sin n − sin n sin t cos n (. (35) 

The body force is calculated based on the lift and drag acting on the body in the water 

reference frame.  The body force is then translated to the body reference frame [17] 

���OQH = −)*� �7W�`g��[ + �`oZ��g�t��g�n 8 ��!�[ fx   +   '�`�o00 ( �����, (36) 

where �`g� and �`o give the drag coefficient based on pitch angle, and �`�o is the 

additional zero degree angle of attack drag [20] 
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�`�o = 0.44 `v�v + 4�� �v̀v + 4���`v�v . (37) 

Here �� is the skin friction coefficient of the hull estimated for supercritical flow.  ��g� is 

the lift coefficient determined from pitch angle [20],  �� is the dynamic pressure defined 

by: 

�� = Y[ c|!|[.  (38) 

The body moment from pitching and yawing is defined as: 

=##��OQH = ' 0−��g�t−��g�n( ��!�, (39) 

where ��g� is the pitching and yawing moment on the body.  The hydrodynamic 

damping moment coefficients for the fins are estimated by: 

��U = −2 R��f ,  (40) 

�T~ = −2���g!F d��� e, (41) 

�P� = �T~,  (42) 

where � is the efficiency factor, and zF is the length from the tail to the center of gravity 

[29].  !F is the tail volume given by: 

!F = �����v�v,  (43) 
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where �F is the planform area of the rudder or sternplane.  Therefore, the hydrodynamic 

damping moment can be calculated as: 

=##�Q�TUKPL = 7  U�=~�y�� 8 =
¡¢¢
¢£ ��U���Fa �[¤h ��T~����z� �v[¤h ��P�����z� �v[¤h � ¥¦¦

¦§
, (44) 

where �, �, and � are the roll rates in the x, y, and z directions, respectively, and ̈o is the 

reference velocity [26]. The lift coefficients used to calculate the tail forces for each body 

are dependent on the fin characterstics [4], 

��g[` = 2b, (45) 

��g = R��m©Yrª��m©«¬ , (46) 

where ®) is the aspect ratio of the fins given by ®) = a +⁄ .  The tail force and moments 

were different for the AUV and towfish and will be described in their corresponding 

sections (§2.1.2 and §2.1.3).  In addition, the cable force acting on the AUV were 

determine using OrcaFlex and will be described in section 2.2. 

2.1.2. Bluefin AUV Coefficients 

The Bluefin AUV can be broken down into three major sections: tail, parallel 

mid-body and nose section (Figure 1) with lengths of 1.19 meters, 0.61 meters, and 1.07 

meters, respectively [7].  This gives a total length of 2.87 meters.  The diameter of the 

vehicle is 0.533 meters. The components inside each section are presented in Appendix 

A.1.  The vehicle is shaped similarly to the US Navy Series 58 low drag body of 
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revolution and operates at speeds between 0.51 and 2.06 meters per second (1 - 4 knots) 

[7]. 

 

Figure 8: Bluefin AUV Sections 

The AUV has a total mass of approximately 250 kg [7], [38], [39].  The center of gravity 

and moments of inertia for the Bluefin AUV were determined in [38] 

��RS = ' �RS�RS �RS  ( = ' 0.0 × 10i[V 0.0 × 10i[V2.1 × 10i[V  (, (47) 

|�RS = '|̄ ¯ |̄ ° |̄ ±|̄ ° |°° |°±|̄ ± |°± |±±( = 712 X² ∙ V[ 0 00 133 X² ∙ V[ 00 0 133 X² ∙ V[8. (48) 

In addition, non-linear added mass and added inertia coefficients were calculated 

for the AUV, and experimental results from [38] were used to adjust these terms to better 

represent the AUV.  Experimental results were tested at a speed ̈ = 1.5 V/- and a 

thrust of 58% [38].  The formulations for these values were described in section 2.1.1.  
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Note that the symmetry of the vehicle provides coefficients of equal values as shown in 

Table 3. 

Table 3: AUV added mass and added inertia coefficients 

Coefficient Value \]6 = ^J6  632 X² y]6 = =J  6  57.1 X² ∙ V }U6 = }U_[`6 + 0 X² ∙ V[ ��»⁄  y�6 = =~6 = 458 X² ∙ V[ ��»⁄ . 

 

The body force and moment coefficients are shown in Table 4. Values for  �`g�, 

�`o, ��g�, and ��g� were taken from drag and lift data for the U.S. Akron, as presented 

in NACA Report No. 432 [17].  �`�o was calculated using the skin frictiton coefficient 

�� [20].  

Table 4: AUV coefficients for body forces and moments 

Coefficient Value �`g� 0.3511 �`o 0.0194 �� 0.004 �`�o 0.1820 ��g� 0.3508 ��g� 1.3076 
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The hydrodynamic damping moments were calculated from [29]. 

Table 5: AUV coefficients for hydrodynamic damping moments 

Coefficient Value ��U −2.6539 �T~ = �P� −6.9565 

 

The Bluefin AUV has a double-gimbaled ducted thruster.  The duct rotates in the 

yaw and pitch directions from deflections of the rudder and sternplane angles, 

respectively.  Rotational transformations were developed in [38] to relate the position of 

the duct relative to the AUV body coordinates.  The different frames of reference that are 

used in the transformations are shown in Figure 9. 

.  

Figure 9: Body frame, rudder frame, and sternplane frame 
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where �*, \*, and  ̂ * represent the body frame, ½�  is the deflection of the sternplane, 

½¾   is the deflection of the rudder, �U is the thrust from the propeller.  The thrust force 

generated by the propeller is given by:  

��FM�N¿F = −�U�[.  (49) 

Two rotations are needed to find the coordinate value �[.  The first rotation is the 

commanded sternplane angle of rotation.  This rotation gives the new �Y and coordinates: 

�Y = cosW½�Z �* − sinW½�Z ^*, (50) 

�Y = \*,   (51) 

�Y = cosW½�Z ^* + sinW½�Z �*. (52) 

The second rotation is the commanded rudder angle of rotation, which is made about the 

z axis 

�[ = cosW½¾Z �Y + sin W½¾Z�Y, (53) 

�[ = cosW½¾Z �Y − sinW½¾Z �Y, (54) 

�[ = �Y.   (55) 

From this second rotation, the thrust force can be written as: 

         ��FM�N¿F =  −�UWcosW½¾Z �Y + sin W½¾Z�YZ  

             =  −�UÀcosW½¾Z WcosW½�Z �* − sinW½�Z ^*Z + sin W½¾Z\*Á, (57) 

which becomes 
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��FM�N¿F = 7�̄ Â�°Â�±Â
8 = −�U 7 cosW½¾Z cosW½�Zsin W½¾Z−cosW½¾Z sinW½�Z8,  (58) 

where the ��FM�N¿F = ��F�K� for the AUV external forces.   

This model was used to simulate the dynamic motion of the AUV for a given 

thrust as it traverses specified waypoints.  The AUV model position and orientation 

outputs are later combined with the OrcaFlex cable-towfish model to generate a full 

system simulation.   

2.1.3. Seaspy Towfish Coefficients 

The Seaspy magnetometer towfish uses an Overhauser magnetic sensor that 

measures the magnitude of the magnetic field.  It was chosen as the magnetic sensor 

platform because it is self-contained, easy to use and durable. The magnetometer has a 

sensitivity of 0.01nT and a resolution of 0.001nT, which meets the requirements for the 

system [21].    

 

Figure 10: Seaspy Magnetometer 

The towfish has a length of 1.24m and a diameter of 0.127m. Its weight in air is 

16kg and weight in water is 2kg [21].  The longitudinal center of gravity was measured to 

be 0.63m from the aft end.  Full specifications of the magnetometer can be found in 

Appendix A.2.   
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The moments of inertia for the towfish were calculated to be: 

|�RS = '|̄ ¯ |̄ ° |̄ ±|̄ ° |°° |°±|̄ ± |°± |±±( =
 70.6 × 10i[X² ∙ V[ 0 00 15.54 × 10i[X² ∙ V[ 00 0 15.54 × 10i[X² ∙ V[8. (59) 

 

The added mass of the fins on the towfish were calculated using the equations 

given for a two dimensional plate as shown in [15], [30] and are provided in Table 6.   

Table 6: Towfish added mass and added inertia coefficients 

Coefficient Value \]6 = ^J6  1.9409 X²  y]6 = =J  6  1.2034 X² ∙ V  }U6 = }U_[`6 + 0.0313 X² ∙ V[ ��»⁄  y�6 = =~6 = 0.7461 X² ∙ V[ ��»⁄  

 

The coefficients used to determine body lift and moment for the towfish are given in 

 
 

 

Table 7.  
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Table 7: Towfish coefficients for body forces and moments 

Coefficient Value �`g� 0.3511 �`o 0.0194 �� 0.004 �`�o 0.2064 ��g� 0.3508 ��g� 1.3076 

 

The hydrodynamic damping force and moment coefficients for the towfish are shown in 

Table 8. 

 Table 8: Towfish coefficients for hydrodynamic damping moments 

Coefficient Value ��U −2.6456 �T~ = �P� −6.1321 

 

The towfish has three tail fins arranged at 120 degrees.  The coeffcients for each 

fin were calculated and used to determine the lift and drag force acting on the tail 

��F�K� = Y[ B��Y + ��[ + ��fC���F. (60) 
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The tail force coefficients are ��Y,  ��[, ��f where fin 1 represents the top fin, fin 2 is the 

starboard fin, and fin 3 is the port fin:  

��Y = )*� '−W��gtZ[ bÃ®)⁄−��gt0 ( , (61) 

��[ = )*� 7−W��gnZ[ bÃ®)⁄0−��gn 8 , (62) 

��f = )*� 7−W��gnZ[ bÃ®)⁄0−��gn 8 . (63) 

The tail moment can be computed as: 

=##�F�K� = Y[ ÄB���Y × ��YC + B���[ × ��[C + B���f × ��fCÅ ∙ ���F, (64) 

where the hydrodynamic center for each fin was determined from [14] 

���Y = ' −zF0−Wa 4⁄ + > 2⁄ Z(,  (65) 

���[ = 7 −zFWa 4⁄ + > 2⁄ Z ∙ +,-Wb 6⁄ Z−Wa 4⁄ + > 2⁄ Z ∙ -/0Wb 6⁄ Z8 , (66) 

���f = 7 −zF−Wa 4⁄ + > 2⁄ Z ∙ +,-Wb 6⁄ Z−Wa 4⁄ + > 2⁄ Z ∙ -/0Wb 6⁄ Z8 . (67) 
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This model of the towfish was used to calculate the hydrodynamic coefficients and to 

verify that the towfish accurately followed a course when forced. 

 

2.2. OrcaFlex Models 

The cable and towfish were modeled using OrcaFlex Version 9.4.  Inputs for 

Orcaflex include: environmental characterisitics and properties of a system’s components 

such as lines, vessels, 3-dimensional buoys, and 6-dimensional buoys.  The system was 

modeled as a 6-dimensional towed fish and an umbilical since the the cable will be 

transmitting power from the AUV to the towfish. This section begins by describing the 

theory behind cable modeling in OrcaFlex, and later describes the functionality of the 

model.   

2.2.1. Equations for the Discretized Line Model 

The simulation essentially breaks the cable into a large number of lumped mass 

sections and evaluates three degrees of freedom equations of motion for each section.  

The mass, along with all internal and external forces, of each element is lumped at the 

nodes at either end [22], [31], [32].  The equations of motion for the tow cable are found 

for each of the elements.  The general form is: 

�ÆÇÈ = =ÉKÇÈ{KÈ ,  (68) 

where �ÆÇÈ is the inertial acceleration components of the lumped mass, =ÉKÇÈ is the inverse 

of the mass matrix, and {KÈ is the force acting on the lumped mass   
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=KÇÈ = WV� + VÈ + ®� + ®È + ∑ ®ËË Z½KÇ − ®È0KÈ0ÇÈ − ∑ ®Ë0KÈ0ÇÈË      W/, Ì = 1,2,3Z ,  (69) 

{KÈ = −ÍÈ0KÈ + ∑ ÍËË 0KË + WÎÈ + Î�Z ∙ /K     W/ = 1,2,3Z, (70) 

where  V and ® are the mass and added mass at the ends of each element, respectively; ½ 

is the Kronecker delta function; 0 is the unit vector; Í is internal cable tensions; Î is half 

of the resultant force of drag, buoyancy, and weight acting on all adjacent cable elements.  

It is important to note that each vector with superscript   represents the entire element.  

Supercripts @ and } are representative of the two ends of an element and denote only half 

of the corresponding variable.  For example, V� is the mass of the entire element and VÈ 

is half the mass of the entire element that is represented at end }.  Superscript � 

represents half the value for all adjacent cable lengths � = W}Y, ⋯ , }TZ.   

At the tow point, the mass of the towfish is added to the cable element mass at 

that specific node.  When the cable is attached to the towfish, the mass matrix and the 

force matrix become: 

=KÇÈ = WVÈ + ®ÈZ½KÇ − ®È0KÈ0ÇÈ      W/, Ì = 1,2,3Z, (71) 

{KÈ = −ÍÈ0KÈ + �W),  ZKÇÍÇ� + WÎÈZ ∙ /K      W/ = 1,2,3Z, (72) 

where �W),  Z is the transformation matrix from the body to inertial frame of reference.  

The breakdown of these equations for each element is described in more detail in [22], 

[31]. 

The purpose of section 2.2.1 was to provide a general understanding of how the 

dynamics of the cable are determined within the Orcaflex environment.  Since the 
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equations were not solved individually by hand, it was not necessary to go into greater 

detail on the calculations of each variable within this manuscript.   

2.2.2. Cable-Towfish Model 

The cable-towfish simulation is driven by the motion of the AUV, which is 

calculated in Matlab.  The changes in AUV position and orientation over time are used in 

the cable-towfish model as inputs for the motion of the free end of the cable.  The towfish 

inputs are those calculated in section 2.1.3 and the cable inputs were based on the 

specifications given by the manufacturer.   

The manufacturer of the Seaspy magnetometer towfish provides two tow cable 

options: positively buoyant or negatively buoyant.  Since the cable will be fully 

submerged for this experiment, the positively buoyant cable was selected.  It has twisted 

pair conductors and Vectran fiber strength member.  The breaking strength of the cable is 

2,500 kg. Properties of the tow cable are shown in [21]. 

 

Table 9: Tow cable properties 

Property Value 

Outer diameter 0.019 m 
Bending diameter 0.25 m 
Weight in air 0.125 kg/m 
Weight in water -0.020 kg/m 

 

The most significant cable inputs for the OrcaFlex model are the outer diameter, 

weight in air, and line stiffness.  It is important that the cable’s measured weight in air 
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matches what is inputted into the model.  The model assumes a steel wire armour and 

thermoplastic hoses [31].  The software models the axial and bending stiffnesses of the 

umbilical using empirical formulas, which are based on the outer diameter of the cable 

[31]:  

axial stiffness = 1.44 × 10×WØ>Z, (73) 

bending stiffness = 3 × 10fWØ>Zf, (74) 

where Ø> is the outer diameter of the cable.   Simulations of the cable will also allow the 

critical towing angle to be determined; critical towing angle is reached when the cable 

becomes so long that the angle it makes with the towfish no longer changes with 

increasing cable length, which satisfies Saint-Venants principle [47].  
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3. Model Verifications 

3.1. AUV Model Verification 

A series of Bluefin AUV preliminary simulations were conducted in order to 

verify the motions of the vehicle.  Simulations of AUV forward motion with simple 

rudder and sternplane deflections were first generated and compared to Bluefin field 

results as documented in reference [38].  Circle and vertical zig zag maneuvers were then 

generated to prove the accuracy of the motion of the vehicle.  For all of the simulations in 

section 3.1, a percentage thrust of 58% was used, which is equal to the percentage thrust 

of testing and data from reference [38].   

Speed 

Field tests showed that providing 58% thrust gave a resulting surge of 

approximately 1.5 m/s [38].  A simple AUV simulation with a constant forward thrust 

and no deflection of the rudder or sternplane was generated to validate speed of the 

vehicle.  Figure 11 shows that the vehicle model reached a steady state surge at 

approximately 1.75 m/s with a 58% thrust.  A speed of 1.5 m/s was obtained when the 

thrust was reduced to 50%.   
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Figure 11: AUV Speed Verifaction with Straight Line Motion 

Rudder Deflection 

The model was set up to run a simulation similar to the field test described in 

[38].   The course was set to last for 260 seconds.  The vehicle was set up to travel North 

for 30 seconds, 10 degrees East for 30 seconds, 10 degrees West for 60 seconds, 10 

degrees East for 60 seconds, and then North for the remainder of the simulation.  To 

decrease the time delay in the response of the vehicle, the rudder deflection returned to 0 

degrees for 10 seconds between each change in direction.  This was also done during 

field testing [38].   
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Figure 12 shows the change in AUV heading from rudder deflections for this 

simulation.   The time delay was approximately 5 seconds for each execution.  An 

approximate 6.5 degree offset occurred between the heading response and actual rudder 

deflection.  This is very similar to the 5 degree offset that was reported during field 

testing [38].  Heading changes due to rudder deflection were determined to be relatively 

accurate based on these findings.  Trajectory, body velocities, angular orientation, and 

rotational velocities for this simulation can be found in Appendix A.5. 

 

Figure 12: Heading Change from Rudder Deflection 

Sternplane Deflection 

The sternplane deflection shown in Figure 13 was tested using a 200 second long 

simulation.  The vehicle was set to follow a straight course while the sternplane was 



40 

deflected to cause the vehicle to ascend and descend.  For the first 30 seconds, the 

sternplane was set to 0 degrees.  The first execution deflected the sternplane 5 degrees in 

the positive z-direction, which caused the vehicle to ascend after an initial time delay of 

approximately 5 seconds.  At time equal to 60 seconds, the sternplane deflection was 

changed to -5 degrees.  The time delay for the vehicle to change direction in the 2nd and 

3rd cases where the sternplane is immediately deflected in the opposite direction was 

approximately 20 seconds.  Trajectory, body velocities, orientation, and rotational 

velocity plots for this simulation are shown in Appendix A.6. Since reference [38] 

reported having no detection of a sternplane offset in the data or during experiments, the 

sternplane responses shown below were deemed to be accurate.   

 

Figure 13: Depth Change from Sternplane Deflection 
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3.2. Towfish Model Verification 

The towfish model was verified using a similarly shaped towed UUV described in 

[42].  The comparative UUV has a length of 2.59m and a mass of 113.5kg.  Although the 

mass of the UUV in air is significantly larger than the Seaspy towfish, the UUV is 

relatively close to neutral buoyancy once submerged and is therefore comparable to the 

Seaspy.  The UUV was modeled with a two point tow configuration that was nearly 

identical to the configuration used in references [40], [41].  The nose of the UUV was 

connected to a depressor using a 100m long umbilical, and the motion of the depressor, 

which moved at a forward velocity of 3m/s, drove the simulation.  The Seaspy towfish 

model was therefore set to also move forward at 3m/s using the AUV model as the 

driving force for the free end of the cable.  The length of the cable in this model was also 

a 100m long umbilical. Figure 14 shows the driving motion to be steady state surge 

velocity of 3m/s.   
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Figure 14: Seaspy Verification: AUV Body Reference Velocity/Driving Motion 

 

The towfish and UUV velocities are shown in Figure 15 and Figure 16 

respectively.  Both towed bodies maintainted a forward velocity of 3 m/s, and minimal 

heave response that oscillates around 0 m/s.  The UUV shows greater heave oscillations 

around 0 m/s, which is believed to be caused by unreported environmental forces acting 

on the UUV during experiments.   
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Figure 15: Seaspy Verification: Towfish Body Reference Velocities 
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Figure 16: Towed UUV Velocities from [42] 

 

Pitch rates for the towfish and UUV are shown in Figure 17 and Figure 18, 

respectively.   The pitch rate for the towfish is about two orders of magnitude smaller 

than the pitch rate of the UUV, which shows the towfish to be a more stable platform 

when traveling at the same speed with the same cable length.  Similar to the conclusions 

for the heave responses, it is believed that unreported environmental conditions were 

effecting the results, and therefore a more accraute towfish comparison could not be 

made.   
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Figure 17: Seaspy Verification: Towfish Pitch Rate 



46 

 

Figure 18: Pitch Rate from [42] 

 

These were the only comparable results provided in reference [42], and since the 

responses were systematically similar with the given inputs, the towfish model was 

considered to be accurate.   

3.3. Matlab-Orcaflex Interface Verification 

In order to validate the Orcaflex-Matlab interface, a simulation of a Naval Surface 

Warfare Center Carderock Division (NSWCCD) tow tank experiment was conducted in 

Orcaflex [13].  It can be seen from plots of tension and cable angles shown in Figure 19 

that the simulation results agree with the experimental data within a small, unreported 

percentage [13].  
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Figure 19: NSWCCD Towfish Testing and Simulation Comparison [13] 

 

Using the results of the pure Orcaflex simulation in Figure 19 for comparison, the 

experiment was again reproduced using the Matlab-Orcaflex code developed as part of 

this thesis (Figure 20).  The data are in agreement 100% up to four decimal places and 

demonstrate that the Matlab-Orcaflex interface is functioning as expected.   
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Figure 20: Matlab Results from NSWCCD Orcaflex Simulation Data 

 

Matlabs results are equal to the results produced in Orcaflex, and therefore it can 

be concluded that interfacing is working accurately.   
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4. Simulations and Results 

This section presents simulations and results that were most useful in reaching the 

objectives.  The results are organized into sections based on certain objectives, such as 

determining cable length.  Since each objective contained such a large set of simulations, 

many of the results are provided in the appendix.  Note that every AUV-towfish 

simulation was generated at a depth of 30m, and therefore the z direction trajectories 

begin at 30m.  Discussions of results are then presented in chapter 5. 

4.1. Cable Force on AUV 

The cable force acting on the AUV was determined in the initial full system 

simulation for a straight maneuver with constant 60% thrust.  The force acting on the 

AUV from the cable was taken as the average end force at cable end A, which levels out 

to approximately 0.105kN as shown in Figure 21.  This cable force was added into the 

AUV model to complete the full system model.   
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Figure 21: Straight Maneuver: Cable Force acting on AUV 

 

4.2. Cable Length 

To determine an appropriate cable length for the AUV-towfish system, 

maneuvering and percent thrust were held constant for a set of simulations of varying 

cable lengths.  In addition, different maneuvers were simulated to determine the reactions 

of the towfish as the cable length was adjusted. Sub-sections are therefore broken down 

by the maneuvers.   
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4.2.1. Straight Maneuver 

Simulations for straight maneuver did not have much variation in the results for 

the different cable lengths of non stop forward motion.  Towfish trajectory, velocity, 

angular orientation, and rotational velocities were relatively similar for cable lengths 

between 5m and 15m.  Results from a 5m simulation are shown in Figure 22 to Figure 

25.  

 

 

Figure 22: Straight Maneuver: Towfish Trajectory, 5m Cable Length 
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Figure 23: Straight Maneuver: Towfish Velocities, 5m Cable Length 
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Figure 24: Straight Maneuver: Angular Orientation, 5m Cable Length 

 

According to Figure 24, the towfish did experience an 18 degree pitch during the 

straight maneuvering.  Since this pitch angle was generated for all lengths of cable, this 

pitching angle was determined to be a result of the approximate 0.1m separation between 

the center of gravity and center of buoyancy along the x-axis of the towfish, which is 

investigated further in section 4.3.  
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Figure 25: Straight Maneuver: Rotational Velocities, 5m Cable Length 

 

 

4.2.2. Circle Maneuver 

The circle maneuver results showed a significant difference in towfish trajectory 

in both the y and z directions.  As the cable length was increased, the amount of area 

circled by the towfish decreased.  The towfish trajectory followed the AUV trajectory 

much more closely with the shorter cable lengths, as be seen in Figure 26, Figure 27, and 

Figure 28.   
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Figure 26: Circle Maneuver: Towfish and AUV X vs Y Trajectory, 5m Cable 
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Figure 27: Circle Maneuver: Towfish and AUV X vs Y Trajectory, 9m Cable 
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Figure 28: Circle Maneuver: Towfish and AUV X vs Y Trajectory, 15m Cable 

In addition, the depth of the towfish was held more constant around 30m during 

the circle maneuver with a shorter cable length (See Figure 29, Figure 30, and Figure 31).  

With a 5m length cable, the depth stayed between approximately 30.1m and 31.7m.  A 

9m cable allowed the towfish to travel between depths of 32m and 35m, and a 15m cable 

allowed a depth of the towfish to drop into the 40m to 44m range.  Note that the AUV 

maintained a constant depth of 30m for all simulations.  
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Figure 29: Circle Maneuver: Towfish X vs Z Trajectory, 5m Cable Length 
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Figure 30: Circle Maneuver: Towfish X vs Z Trajectory, 9m Cable Length 
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Figure 31: Circle Maneuver: Towfish X vs Z Trajectory, 15m Cable Length 

Effective tension acting on the towfish-cable connection did not change 

significantly as the cable length was increased.  Average effective tension for the towfish 

and AUV was similar to what is shown in Figure 32.  Integration error occurred during 

the time span 130-150s and caused the unexpected oscillations shown below.    
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Figure 32: Circle Maneuver: Effective Tension of Cable at Towfish and AUV 

 

4.2.3. Vertical Zig Zag Maneuver 

The vertical zig zag maneuver showed similar depth coverage for each cable 

length.  For these simulations, the AUV was programmed to oscillate the sternplane 

between +5 degrees.  The towfish responded by covering approximately 4m of depth in 

an oscillating pattern for each cable length.  However, the longer cable lengths tended to 

allow the towfish to drop further below the depth of the AUV’s course.  Trajectories for 

this maneuver are shown in Figure 33, Figure 34, and Figure 35.  Body velocities and 
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rotational velocities did not show a significant change with cable length during zig zag 

maneuvering.  

 

    

Figure 33: Vertical Zig Zag Maneuver: Towfish Trajectory, 5m Cable 
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Figure 34: Vertical Zig Zag Maneuver: Towfish Trajectory, 9m Cable 
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Figure 35: Vertical Zig Zag Maneuver: Towfish Trajectory, 15m Cable 

Effective tension acting on the cable at the towfish connection did not change 

significantly for the vertical zig zag maneuver as well; it reached an almost steady force 

of approximately 0.001kN, while the effective tension at the AUV-cable connection was 

about 0.017kN as shown in Figure 36. 
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Figure 36: Vertical Zig Zag Maneuver: Effective Tension of Cable at Towfish 

 

4.3. Percent Thrust 

Dynamic responses of the towfish and cable were determined for various AUV 

speeds.   For these simulations, the cable length was set constant at 9m and current speed 

was 0m/s.  Results for vertical zig zag and circle maneuvering are provided in this 

section, since straight maneuvering showed insignificant changes in the towfish 

dynamics. 
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4.3.1. Vertical Zig Zag Maneuver 

Towfish trajectories showed a small amount of change as the percent thrust was 

increased.  Figure 37 and Figure 38 shows the trajectory of the towfish with 40% and 

80% thrust, respectively.   These simulations use 5 degree sternplane oscillations, 0m/s 

current, and 9m cable length.  It can be seen that as the percentage thrust was increased, 

the change in x position increased about 20m as expected, change in y direction was 

increased about 0.02m, and change in z direction was about the same.   

 

Figure 37: Vertical Zig Zag Maneuver: Towfish Trajectory, 40% Thrust 
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Figure 38: Vertical Zig Zag Maneuver: Towfish Trajectory, 80% Thrust 

A secondary simulation was done using 15 degree sternplane oscillations, but the 

results did not show any unexpected towfish behavior that differed from the 5 degree 

oscillation results.   

4.3.2. Circle Maneuver 

Changes in percent thrust showed much more significant results during circle 

maneuvering.  These simulations had a constant cable length of 9m and traveled at a 60 

degree circle with a 0m/s current.  The amount of area traveled by the towfish was 

increased significantlty as the percent thrust was increased as can be seen in Figure 39, 
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Figure 40, and Figure 41, which shows results for 40%, 60%, and 80% thrust, 

respectively.   

 

Figure 39: Circle Maneuver: Towfish X vs Y Trajectory, 40% Thrust 

Trajectory with 40% thrust (Figure 39) shows the towfish traveling about 5m in 

the y direction and not quite completing one circle within the 150 second time frame.   

Distance traveled in y direction increased to almost 10m with 60% thrust (Figure 40), and 

the towfish traveled around the circle pattern 1.5 times within the same 150 second time 

frame.   
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Figure 40: Circle Maneuver: Towfish X vs Y Trajectory, 60% Thrust 

The largest distance covered was achieved with 80% thrust (Figure 41).  The 

towfish traveled approximately 18m in the y direction and completed the circle trajectory 

over 1.5 times.   
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Figure 41: Circle Maneuver: Towfish X vs Y Trajectory, 80% Thrust 

Angular orientation of the towfish was also significantly affected by the change in 

percent thrust.  When the circle maneuver began at 40% thrust (Figure 42),  the roll of the 

towfish became 30 degrees and then leveled out to approximately 25 degrees for the 

remainder of the maneuver.  Pitch angle increased almost linearly for the first 100 

seconds and then reached a steady state at approximately 80 degrees, which is very close 

to the sensor’s 90 degree dead zone.   
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Figure 42: Circle Maneuver: Towfish Angular Orientation, 40% Thrust 

At 80% thrust (Figure 43), the roll jumped to  140 degrees and eventually began 

to level out at about 50 degrees towards the end of the simulation.  The pitch of the 

towfish never reached higher than 50 degrees with the 80% thrust, which is much more 

favorable than the near dead zone pitch angle that was observed with 40% thrust.    
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Figure 43: Circle Maneuver: Towfish Angular Orientation, 80% Thrust 

To determine if the large pitch angle was in fact being caused by the difference in 

center of gravity and center of buoyancy location, the circle maneuver with 40% and 80% 

thrust were repeated with less separation between the two points.  Results show the pitch 

angle decreased from 80 degrees to 30 degrees with the 40% thrust, and the pitch angle 

with 80% thrust decreased from 50 degrees to as low as 10 degrees for most of the 

simulation.  See Figure 44 and Figure 45.   
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Figure 44: Circle Maneuver: Towfish Orientation, Closer CG-CB, 40% Thrust 
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Figure 45: Circle Maneuver: Towfish Orientation, Closer CG-CB, 40% Thrust 

The end force of the cable at the towfish-cable connection point increased from 

approximately 0.01kN with 40% thrust to 0.1kN with a 80% thrust as shown by Figure 

46 and Figure 47.  Note that the large oscillations of force between the 130-150 seconds 

in Figure 47 are from an error that occurred during integration in Orcaflex.   
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Figure 46: Circle Maneuver: End Force at Towfish-Cable Connection, 40% Thrust 
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Figure 47: Circle Maneuver: End Force at Towfish-Cable Connection, 80% Thrust 

Effective tension acting on the towfish-cable connection was between 0.000kN 

and 0.005kN for both 5 degree and 15 degree vertical zig zag maneuvers and circle 

maneuvers.  The percentage of thrust appeared to have no considerable influence on the 

effective tension during this set of simulations. 

 

4.4. Current 

The effects of current conditions were also tested.  All of these simulations used a 

constant thrust of 60% and a linearly decreasing current that dropped 10% in speed every 
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10m in depth.  Straight maneuvering, circle maneuvering, and zig zag maneuvering were 

all tested with changing current speeds.   

4.4.1. Circle Maneuver 

The circle maneuver showed many changes with towfish dynamics as the current 

was increased.  These simulations used a cable length of 9m.  Trajectories of the towfish 

using surface currents speeds of 0.25m/s, 0.75m/s, and 1.25m/s are shown in Figure 48, 

Figure 49, and Figure 50, respectively.   

 

Figure 48: Circle Maneuver: Towfish X vs Y Trajectory, 0.25m/s Current 
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Figure 49: Circle Maneuver: Towfish X vs Y Trajectory, 0.75m/s Current 
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Figure 50: Circle Maneuver: Towfish X vs Y Trajectory, 1.25m/s Current 

During circular maneuvers with a current, the AUV and towfish trajectory took on 

a spiral shape in the x and y directions, as expected.  At a surface current speed of 

0.25m/s, the AUV and towfish both maintained a circular pattern.  As the current speed 

was increased,  the shape became less spiral and more like a zig zag pattern as shown in 

Figure 50  with a 1.25m/s current. However, it did maintain an approximate 14m area 

coverage in the y direction for all currents.  Body velocities did not change significantly 

as can be seen in Figure 51, Figure 52, and Figure 53. 
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Figure 51: Circle Maneuver: Towfish Body Velocities, 0.25m/s Current 
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Figure 52: Circle Maneuver: Towfish Body Velocities, 0.75m/s Current 



82 

 

Figure 53: Circle Maneuver: Towfish Body Velocities, 1.25m/s Current 

4.4.2. Vertical Zig Zag Maneuver 

This set of vertical zig zag maneuvers used a constant thrust of 60%, a 5 degree 

sternplane oscillation, and a cable length of 9m.  The trajectory of the towfish did not 

change significantly as the current was increased.  There was about a 3m difference in the 

depth between 0.25m/s and 0.75m/s, but since this depth change did not occur when the 

current was increased to 1.25m/s, a direct correlation cannot be made between current 

and change in depth.  Plots of towfish trajectories for 0.25m/s, 0.75m/s, and 1.25m/s 

currents are shown in Figure 54, Figure 55, and Figure 56, respectively.  
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Figure 54: Vertical Zig Zag Maneuver: Towfish Trajectory, 0.25m/s Current 
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Figure 55: Vertical Zig Zag Maneuver: Towfish Trajectory, 0.75m/s Current 
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Figure 56: Vertical Zig Zag Maneuver: Towfish Trajectory, 1.25m/s Current 
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5. Discussion 

The purpose of this section is to discuss the results described in chapter 4.  These 

results have been used to meet the objectives of determining an appropriate cable length 

and percent thrust that will be used in future field experiments.  In addition, the effects of 

different current speeds have also been determined.   

The first objective was to determine an appropriate cable length for various 

maneuvers.  Straight maneuvering showed little variation in the dynamic responses of the 

towfish when the percent thrust and current were held constant.  However, circle 

maneuvering showed the towfish surveyed a larger area in the x and y direction when the 

cable length was shortest.  The towfish covered about 14m distance in the y direction for 

5m cable length, about 10m of distance for the 9m cable length, and 7m of distance for 

the 15m cable length.   

The average depth of the towfish was also significantly dependent on the cable 

length even though the depth of the AUV remained constant.  During the circle 

maneuver, the 5m cable length was short enough to keep the towfish between 30 to 32m 

depth, which was almost equivalent to the AUV depth.  The 9m cable caused the towfish 

to travel between the 32 to 35m depth range, and the 15m cable caused it to travel 

between 40 to 44m depth.  Similar results were shown for the vertical zig zag maneuvers.  

The towfish covered approximately 5m of vertical distance for each cable length, but at 
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different depths which were dependent on the cable length.   The depth range for each 

cable length 5m, 9m, and 15m was about 30 to 34m, 35 to 40m, and 40 to 45m, 

respectively.  Therefore, the AUV depth will need to be decreased as the cable length is 

increased so that the towfish will travel at the appropriate depth of interest for both circle 

and zig zag maneuvering until the cable gets so long that it reaches critical tow angle.  

Effective tension at the cable-towfish connection did not change significantly with 

varying cable lengths and remained around 0.011kN for both circle and zig zag 

maneuvers of all cable lengths.   

The second objective was to determine an appropriate tow speed or AUV percent 

thrust for each maneuver.  During vertical zig zag maneuvering, x position of the towfish 

increased by approximately 20m from the change of 40% to 80% thrust.  The y position 

only changed about 0.2m and z position remained the same.  When the angle of 

sternplane oscillations was increased from 5 degrees to 15 degrees, similar results were 

shown, which proves the percent thrust to have the same effect on the maneuver 

regardless of the angle of sternplane deflection.  During circle maneuvering, the towfish 

traveled a further distance with larger percent thrust and covered a larger area as 

expected.  Therefore, the size of the survey area of interest should be a factor when 

determining percent thrust for circle maneuvering.  

Changes in percent thrust had a more significant impact on the pitch angle of the 

towfish during circle maneuvering.  For all percentage thrust tested during circle 

maneuvering, the towfish stayed below the 90 degree pitch sensory dead zone.  However, 

at slower speeds, such as 40% thrust, the pitch angle came close to about 80 degrees.  
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When the AUV traveled at 80% thrust, the pitch angle of the towfish did not exceed 50 

degrees.  After decreasing the distance between the center of gravity and the center of 

buoyancy, the same 40% and 80% thrust circle maneuvers showed great improvement on 

pitch angles.  The 40% thrust pitch angle reduced to 30 degrees, and the 80% thrust pitch 

angle reduced to 10 degrees.  This lower pitch angle is much more favorable to ensure the 

towfish does not come close to the dead zone angle of the sensor.    

Changes in current speed showed to have a significant affect on the towfish 

trajectory during circle maneuvering.  The trajectory plots appeared to take a on a spiral 

shape as expected.  For each case the  surface current was increase 0.75m/s, and both the 

AUV and towfish trajectory looked less and less like a spiral and more like a zig zag.  At 

a surface current speed of 1.25m/s, both bodies moved completely in a zig zag formation 

during circle maneuvering.  Towfish trajectory during zig zag maneuver and straight 

maneuver was not significantly affected when the current was increased.    
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6. Conclusion 

The Bluefin AUV and Seaspy magnetometer towfish will be used in future 

experiments to determine the magnetic fluctuations caused by internal waves.  In order to 

determine their dynamic interaction, both bodies were modeled and various experimental 

simulations were conducted.  The purpose of these simulations was to specifically 

characterize the effects of changes in tow cable length, tow speed, maneuvering, and 

current.   

Results have shown that a 5m tow cable provides the best maneuverability of the 

towfish in comparison to the longer cables.  The towfish traveled more distance in a 

given period of time and more closely followed the waypoints of the AUV in not only the 

x and y directions, but in the vertical direction as well.  The longer tow cables gave the 

towfish too much freedom to stray off course during maneuvering of the AUV.   

Tow speeds between 60% and 80% thrust showed to provide a better orientation 

angles than the slower tow speeds.  However, the cause for the high pitch angles was 

determined to be the distance of between the center of gravity and center of buoyancy.  

Once this distance was decreased, the pitch angle decreased significantly.  While 80% 

thrust showed the best orientation results, this fast speed may not be desirable when 

attempting to collect data on the towfish.  Therefore, a tow speed between 60% and 70% 

would be more fitting to this experiment.   
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Surface current speeds between 0.25m/s and 1.25m/s altered the courses of the 

AUV and towfish during circular maneuvering.  As the surface current speed increased 

up to 1.25m/s, the spiral course changed to a zig zag course.   

6.1. Recommendations for Future Work 

Future experiments for this system are currently being scheduled.  It is 

recommended that both the AUV and towfish are tested individually to verify the 

calculated hydrodynamic coefficients and coefficients taken from [38], [39] are accurate.  

In addition, offshore experimental results obtained in the future should be used to verify 

the responses of both bodies and to adjust the models accordingly to provide a more 

accurate simulation of the AUV-towfish system, particularly the effects of changing the 

distance between the center of gravity and center of buoyancy to get a lower pitch angle.   
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A.0 Appendices 

A.1 BlueFin AUV Components 

Section Component 

Nose Section 

• Ascent weight 
• Forward junction box 
• Lift hook 
• Up-looking ADCP 
• CTD 

Nose Cone 
• Obstacle avoidance system 
• Turbulence sensor mount 

 

Parallel Section • Battery pack 

Tail Section 

• Main electronics housing 
• Doppler velocity logger 
• Tail cone thruster assembly 
• Antenna 
• Strobe, RDF, multi-beacon 
• BART acoustic abort 
• Acoustic modem 
• Back-up power supply 
• Aft junction box 
• Depth sensor 
• Tracking transponder 
• Lift look 
• Service panel 
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A.2 Seaspy Magnetometer Specifications 

Performance/Parameter Value 

Sensitivity 0.01nT 

Resolution 0.001nT 

Gradient Tolerance >10,000nT/m 

Range 18,000 – 120,000nT 

External Trigger By RS-232 

Absolute Accuracy 0.1nT 

Temperature Drift None 

Dead Zone None 

Heading Error None 

Sampling Range 4Hz to 0.1Hz 

Communications RS-232, 9600bps 

Magnetometer Cylinder Weight 14kgs 

Magnetometer Cylinder Size 
124cm x 12.7cm 
diameter 

Operating Temperature -45C to +60C 

Storage Temperature -45C to +70C 
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A.3  Tow Cable Specifications 

Performance/Parameter Value 

Conductors Twisted Pair 

Strength Member Vectran 

Breaking Strength 2,500 kg 

Outer Diameter 1cm 

Bending Diameter 16.5cm 

Weight in Air 125 g/m 

Weight in Water 44g/m 

Outer Jacket Yellow Polyurethane 

Cable Termination Field Replaceable 

A.4  Interfacing Matlab and Orcaflex 

The AUV motion generated in the Matlab model is used as the primary motion of 

the tow body in the cable-towfish model in OrcaFlex.  To do this, a vessel was inputted 

into the cable-towfish model and connected at the stern to end A of the umbilical.  Since 

the AUV responses are generated in Matlab, the vessel only needs to represent the motion 

of the AUV, and therefore other inputs such as hydrodynamic coefficients are not 

necessary.  Instead, the vessel is driven by what OrcaFlex refers to as “Primary Time 

History”, which will be denoted as PTH [30].   

The data required by the PTH function is a matrix of time, x, y, z positions, and 

�, �, ψ orientations of the AUV that represent the drive for the simulation.  Taking this 

data out of Matlab and sending it to OrcaFlex is relatively simple.  The first step is to set 

the AUV velocity, percent thrust, and waypoints in the AUV Matlab model.  The AUV 

model has been programmed to not only output the dynamic responses of the AUV, but 
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to also generate a text file of the change in position and orientation of the AUV as a 

function of time.  In OrcaFlex, the PTH input file has been pre-set to the text file 

generated in the Matlab model.  Each time the Matlab generates a simulation, the text file 

is updated both in the C:\\ drive and in OrcaFlex.   

The 9.4 version of OrcaFlex allows direct interfacing with Matlab.  Commands 

are given within the AUV model to access the OrcaFlex model, run simulations, and 

retrieve data.  In the OrcaFlex section of the AUV model, specific results are retrieved 

from OrcaFlex and able to be displayed in the Matlab environment.  Essentially this 

allows the full system simulation to be run by one click in the AUV Matlab model if all 

the input parameters have been properly set and saved within the Oracflex model.   
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A.5  AUV Rudder Deflection Verification 

 

Figure 57: AUV Rudder Deflection Verification: Trajectory 
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Figure 58: AUV Rudder Deflection Verification: Body Velocities 
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Figure 59: AUV Rudder Deflection Verification: Orientation 
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Figure 60: AUV Rudder Deflection Verification: Rotational Velocities 
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A.6  AUV Sternplane Deflection Verification 

 

Figure 61: AUV Sternplane Deflection Verification: Trajectory 
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Figure 62: AUV Sternplane Deflection Verification: Body Velocities 
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Figure 63: AUV Sternplane Deflection Verification: Angular Orientation 
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Figure 64: AUV Sternplane Deflection Verification: Rotational Velocities 
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A.7  AUV Circle Maneuver 

 

Figure 65: Circle Maneuver: AUV X,Y, Z Position 
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Figure 66: Circle Maneuver: AUV X, Y Position 
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Figure 67: Circle Manuever: AUV Body Velocities 
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Figure 68: Circle Maneuver: AUV Angular Orientation 
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Figure 69: Circle Manuever: AUV Rotational Velocities 
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A.8  AUV Vertical Zig Zag Maneuver 

 

Figure 70: Vertical Zig Zag Manuever: AUV Trajectory 
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Figure 71: Vertical Zig Zag Manuever: AUV Body Velocities 
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Figure 72: Vertical Zig Zag Manuever: AUV Angular Orientation 
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Figure 73: Vertical Zig Zag Manuever: AUV Rotational Velocities 
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