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             ABSTRACT  

Underwater vehicles operating near the free surface in 

waves can experience large forces acting on the body 

which can cause the vehicle to move undesirably.  To 

overcome these forces, and keep station with minimal 

disturbance, actuators fitted to the vehicle are used.  To 

develop a suitable controller, the performance of the 

actuators used must be known.  This paper shows that as a 

vertical tunnel thruster approaches the free surface, the 

thrust generated decreases.  Experimental data is 

presented and reasons for the reduction in total effective 

thrust discussed.  Further to this, the performance of the 

Delphin2 AUV (Phillips et al 2010) operating in waves is 

analysed and suggestions made for improving 

performance. 
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          1 INTRODUCTION 

Flight style Autonomous Underwater Vehicles (AUVs), 

such as the Remus 100 and Autosub6000, are ideally 

suited to performing high speed missions (>1m/s), 

requiring the vehicle to survey large areas of the seabed 

(McPhail et al 2010).  These vehicles use rear mounted 

control surfaces to manoeuvre; resulting in the vehicle 

becoming uncontrollable at slow speeds due to what is 

termed the Chinese Effect (Burcher & Rydill 1994).  In 

order to enable survey style vehicles to operate at slow 

speeds, several vehicles have been fitted with vertical 

through-body tunnel thrusters, becoming hover capable 

flight style AUVs.   

With the development of more adaptable underwater 

vehicles, it is a requirement that the capabilities of each 

vehicle be fully realized through the use of high 

performance control systems.  To achieve this level of 

control, the system must be fully understood and 

modelled.   

When operating near the free surface, AUVs are 

subjected to large forces developed by surface waves 

causing the vehicle to move undesirably (An et al 1998).  

The magnitude of these disturbances varies according to 

the depth and orientation of the vehicle, the sea state, and 

also the shape and mass distribution of the vehicle.  

Although many models now exist for underwater 

vehicles, they often neglect the effect that the actuator 

dynamics have on the manoeuvring capability.   

The aim for this work is to improve the thruster control of 

an existing AUV, Delphin2, which is fitted with vertical 

tunnel thrusters to control depth whilst hovering.  To 

achieve this, the following objectives need to be 

addressed: 

 Development of a steady-state model for the 

vertical tunnel thruster.  The model should 

provide a value of thrust as a function of thruster 

speed and vehicle depth. 

 Provide explanation for the cause of any non-

linearities within the thruster model. 

 Estimate the forces exerted on an AUV by waves 

whilst operating near the free surface and 

evaluate the capability of the tunnel thrusters to 

reduce disturbances. 

With sufficient knowledge of the performance of the 

vertical tunnel thrusters in waves, and at various depths, it 

should be possible to reduce or eliminate the magnitude 

of the undesirable heave and pitch motions produced by 

surface waves.   

             2 DELPHIN2 AUV 

The Delphin2 AUV (Phillips et al 2010) (Figure 1) has 

been developed by post-graduate students as a 

collaboration between the University of Southampton and 

the National Oceanography Centre, Southampton. The 

purpose of the vehicle is to provide an experimental 

platform for developing new mission planning algorithms 

and low-level controllers and for studying the 

hydrodynamics of AUVs. 

 

Figure 1 -  Computer rendering of Delphin2 AUV 



The vehicle is over-actuated with: two vertical and two 

horizontal tunnel thrusters (Sharkh et al 2003); a rear 

ducted propeller; and four independent control planes.  

The hull design is a scaled version of that used by 

Autosub6000, providing a low drag resistance against 

forward motion.  The combination of the low drag hull 

and multiple actuators enable Delphin2 to perform 

hovering ROV type precision control and long range 

survey type missions. 

During normal (at depth) operations both thrusters are 

used to overcome the vehicles positive buoyancy to 

maintain and control depth. It has been observed that 

during the operation of the Delphin2 AUV the thruster 

speed is required to be higher to dive from the surface 

than when at depth.   

          3 EXPERIMENTAL SETUP 

In order to study the performance of the vertical tunnel 

thruster at different depths, new experimental data is 

required.  To achieve this, a tunnel thruster assembly 

(Figure 2) has been built and several sensors used to 

measure values of interest. The tunnel thruster is mounted 

vertically in the frame and includes an outer plastic tube 

(body) of the same diameter as the Delphin2 hull (Length: 

500mm, diameter: 250mm).  The depth measurement is 

taken to be from the top of the body tube to the free 

surface. 

The experiments were conducted at the Lamont towing 

tank at the University of Southampton.  This tank 

measures 30 x 2.4 x 1.2 meters deep.  The water 

temperature remained constant at 5
o
C throughout all the 

tests. 

 

Figure 2 – Thruster assembly submerged in Lamont Towing 

tank 

             3.1 Thruster 

The thruster (Figure 3) is rim driven using a 250W 

brushless DC motor which is controlled using an 

electronic speed controller (ESC).  The diameter of the 

thruster duct is 70mm.  Set-point demands are sent to the 

ESC from a PC via RS232 serial communication.  The 

ESC can also be programmed to provide feedback for the 

current motor speed. 

Figure 3 – 70mm diameter brushless 50W tunnel thruster 

             3.2 Sensors and Data Acquisition 

The thruster control and data acquisition of the sensors is 

conducted using the computer from the Delphin2 

AUV. This enabled the logging of thruster set-point, 

thruster speed, differential pressures, and the load cell 

voltage all on one system.  To measure the voltages of the 

sensors, which are not a part of the Delphin2 vehicle, a 

data acquisition board (DAQ) with 16-bit resolution and a 

sample rate of 500 Hz is used. 

A load cell, rated to 50 N, is used to measure the total 

vertical thrust.  This is connected between the thruster 

assembly and the walkway across the tank.  The output 

voltage of the load cell is amplified by a gain of 100 using 

a voltage amplifier so as to improve the effective 

resolution of the DAQ. 

Two differential pressure measurements were taken 

during these tests; one across the propeller in the tunnel, 

and one between the top and bottom of the large outer 

tube (Figure 4).  A differential pressure transducer (rated: 

0 – 2500 Pa) was used to make these measurements.  The 

transducer outputs a 0-5V signal which can be directly 

measured using the DAQ. 

Figure 4 – Pressure tapings on thruster assembly 

             3.4 Sensor Calibration 

The pressure transducer comes with a calibration 

certificate provided by its manufacturer.  As the 

transducer was bought specifically for these tests, it has 



been assumed that this calibration is correct.  The load 

cell calibration was performed each time the frame was 

adjusted for a specific depth; this was required due to a 

change in buoyancy of the assembly.  The load cell 

response is linear, with the calibration data producing an 

R
2
 value of 1.000 for the least squares fit. 

          4 THRUSTER ANALYSIS 

Much work has been produced on the modelling of 

thruster performance, both for steady state and transient 

states.  A comprehensive review of several models is 

given in (Whitcomb 1999).  For the purposes of this 

work, the thruster will be modelled as a steady-state 

system and the transient effect ignored.   

  4.1 Preliminary Results 

As expected, generated thrust is linearly proportional to 

thruster speed squared, see Figure 5.  Thus: 

    | | 

Where: T = Thrust (N); C = Thruster specific constant 

(N.min
-2

); ω = Thruster speed (rpm). 

Figure 5 – Total thrust against thruster speed squared.  R2 = 

0.9999;  data from 400mm depth test 

Figure 6 - Pressure across propeller against thruster speed 

squared.  R2 = 0.9987;  data from 400mm depth test 

Figure 6 shows that the differential pressure across the 

propeller is linearly proportional to the thruster speed 

squared.  Figure 7 plots total thrust against depth for four 

different thruster speeds.  It clearly shows the reduction in 

total thrust as the thruster approaches the free surface.  

However, the effect becomes negligible at high thruster 

speeds.  This non-linearity is the focus of investigation for 

this work as it is likely to have a significant effect on the 

vehicle dynamics, particularly when operating with 

disturbances such as surface waves. 

Figure 7 – Thrust against depth for four thruster speeds 

   4.2 Propeller Performance 

The total thrust experienced by the tunnel thruster 

assembly is the sum of both the force generated by the 

propeller and the forces generated by the external fluid 

dynamics acting on the outer body.  In this section, the 

propeller will be analysed separately from the body.   

Consider the general thrust equation: 

    ̇           ̇                       

Where: T = Thrust (N);  ̇ = Mass flow rate (kgs
-1

); V = 

Flow velocity (ms
-1

); p = Pressure (Pa); A = Area (m
2
). 

It can be seen that the thrust, T, is a function of the 

change in mass flow rate, velocity and pressure across the 

thruster.  As the propeller is fitted within a tunnel, the 

average velocity and mass flow rate just before and after 

the propeller is equal, assuming the fluid is 

incompressible.   



 

Therefore the thrust equation can be simplified to: 

                     

It is expected that the total thrust experienced by the 

tunnel thruster assembly when at depth is dominated by 

the thrust generated by the propeller and the effect of flow 

around the body is negligible.  Figure 8 plots the 

differential pressure across the propeller multiplied by the 

cross sectional area of the thruster duct, against thruster 

speed squared.  Also in Figure 8 is the total thrust on the 

tunnel thruster assembly (measured using the load 

cell).  As can be seen, the calculated thrust and the total 

thrust correlated closely.  The calculated thrust relies 

upon the assumption that the differential pressure 

measurement is the same as the average pressure across 

the tunnel diameter. 

Figure 8:  Calculated thrust against thruster speed squared 

(blue asterisk), and total thrust against thruster speed 

squared (green dashed line);  data from 40cm depth test 

With this assumption, the thrust generated by the 

propeller can be calculated using the differential pressure 

measurements.  Figure 9 plots the calculated propeller 

thrust against depth for four different propeller 

speeds. All four plots show no obvious correlation with 

depth.  For the rest of this work, it will be assumed that 

the propeller thrust is not a function of depth and the 

focus will be on analysing the flow around the outer body. 

             4.3 External Flow Effect on Total Thrust 

As stated in the last section, the thrust generated by the 

propeller for a given thruster speed is assumed to be 

constant against depth.  It is therefore assumed that any 

reduction in thrust is from the interaction between the 

body and the local flow regime.  The flow around the 

body of the thruster assembly will be discussed and an 

explanation given for the reduction in thrust using 

experimental data to help to support the claim.   

The main hypothesis is that the reduction in effective 

thrust on the tunnel thruster assembly, near the free 

surface, is due to an increase in the velocity of the flow 

across the top of the assembly body.  

Figure 9 – Calculated thrust against depth for four thruster 

speeds 

This increased flow velocity causes a negative pressure 

gradient between the top and bottom of the body, 

resulting in a force towards the free surface which acts 

against the propeller thrust, thus reducing the total thrust 

on the tunnel thruster assembly.  This increase in flow 

velocity around the top of the thruster assembly is due to 

an effective blockage arising from the free surface which 

forces the flow sideways (perpendicular to tunnel axis) 

and across the body. 

As depth increases, this blockage effect is reduced, 

resulting in lower flow velocity across the body and so a 

lower differential pressure across the body, and thus the 

reduction in total thrust becomes less.  In a similar way, 

as the thruster speed increases, the fluid on the free 

surface is raised above its normal level, resulting in a 

larger volume for which the fluid can flow through.  This 

again results in a lower flow velocity around the body and 

so the effect of the free surface on total thrust will be less 

at high thruster speeds than at low thruster speeds. 

The differential pressure between the top and bottom of 

the body has been measured one diameter away from the 



thruster inlet and exit. A positive value is a positive 

pressure at the bottom of the body resulting in a force 

acting towards the surface. 

Figure 10 plots the differential pressure against depth for 

several different thruster speeds.  From 0 to 100 mm in 

depth the differential pressure is significantly higher than 

at deeper tests.  It is also noted that the differential 

pressure increases with thruster speed with the maximum 

recorded pressure at 725 rpm at 10 mm depth.  Above this 

speed the differential pressure reduces as expected.  It was 

observed that the higher the thruster speed, the higher the 

free surface was raised above its normal level, Figure 11. 

It can be assumed that this differential pressure across the 

body will act upon a large area and so cause a significant 

force to act against the thrust generated by the thruster 

propeller resulting in a reduction in total thrust.   

             4.4 Thruster Model 

A mathematical model that can be used in a control 

algorithm is required.  During operation, the AUV does 

not have feedback of the magnitude of thrust developed 

by the tunnel thruster or the differential pressures 

discussed in the previous section.  The only available 

feedback to the AUV that has an influence on thrust, are 

the thruster speed and the vehicle depth, therefore only 

these variables will be used to produce a model. The 

basic form of the thruster model, as described previously, 

can be written as: 

    | | 

The value for C is taken by calculating a least-squares fit 

of total thrust against thruster speed squared (Figure 5).  

This must be calculated using data from a depth where the 

free surface appears not to have an influence on the total 

thrust value, thus at 400mm depth C equals 3.08e-6 

N.min
-2

. This equation does not take into account any 

non-linearities experienced as the thruster approaches the 

free surface. 

As Figure 7 has shown, the total thrust is significantly 

reduced as the thruster nears the free surface however, at 

higher thruster speeds this reduction is less. To help 

explain this in a clearer form, Figures 12 and 13 are now 

given.  Figure 12 plots thrust at 10mm depth normalised 

by thrust at 400mm depth, against thruster speed.  Figure 

13 plots thrust (generated at 550 rpm) normalised by 

thrust at 400mm depth, against depth.  Figures 12 and 13 

present the two main non-linearities experienced by the 

thruster as a function of the two available forms of 

feedback (thruster speed and vehicle depth). The 

magnitude of both non-linearities varies throughout the 

operating range of the thruster.  Therefore, a function 

must be found that incorporates both depth and thruster 

speed to estimate the total thrust. 

Figure 11 – Observation of the free surface was raised from 

normal level at high thruster speeds 

Figure 12 – Thrust at 10mm depth normalised by thrust at 

400mm depth, against thruster speed (rpm) 

Figure 10 – Differential pressure (Pa) between the top and bottom of the 

thruster body for different thruster speeds (rpm), against depth (cm) 



Two functions, Fω and Fd, have been developed to fit each 

non-linearity separately.  Thus the correction function for 

thruster speed takes the form: 

   
 

          
 

Where: Fω = Correction function for thruster speed; A, B 

and C = Constants (values: 10.81, -0.004, and -603.7 

respectively) found using least-squares fit. 

The correction function for vehicle depth takes the form: 

      ⁄  

Where: Fd = Correction term for depth; d = Depth; and X 

= Constant (value: -21.11) found using least-squares fit. 

The normalised thrust can then be modelled as: 

            [           ] 

As both terms are coupled, to achieve the best fit the 

normalised thrust equation is fitted to a surface (x: depth, 

y: thruster speed, and z: normalised thrust), Figure 14. 

Figure 14 – Normalised thrust equation fitted as a surface to 

experimental data.  R2 = 0.9189 

The R
2
 value is close to 1 and so it will be taken that the 

fit is adequate to improve the overall control of the 

vertical tunnel thrusters.  Thus total thrust is calculated as: 

    | |[           ] 

The model is plotted, along with the total thrust measured 

experimentally, in Figure 15.  The model is seen to fit the 

non-linearities well. 

Figure 15 – Thrust model plotted alongside experimental 

data for different thruster speeds, against depth 

          5 AUV OPERATION IN WAVES 

Previous work has shown that surface waves act on the 

body of underwater vehicles causing a disturbance (An et 

al 1998), (Ananthakrishnan 1998) and (Riedel 1998).  

This work has analysed and modelled the forces generated 

on the AUV by the surface waves; however, the effect on 

thruster efficiency has not been studied. 

To study the capability of the Delphin2 AUV to maintain 

a fixed altitude (distance from seabed), a series of tests 

were conducted (Figure 16).  These tests have been 

performed in the Southampton Solent Towing Tank (60 x 

3.7 x 1.85 metres deep), using a HR Wallingford wave-

maker. 

             5.1 Experimental Setup 

The Delphin2 AUV was placed in the towing tank 

without waves.  It was then programmed to maintain a 

heading directly facing the oncoming waves, using a 

MEMS (micro-electromechanical systems) compass for 

heading feedback.  The altitude was varied through the 

tests and was set in the mission controller before each 

Figure 13 – Thrust at 550rpm normalised by thrust at 

400mm depth, against depth (mm) 



test.  The standard low-level controller that is tuned for 

operation at depth was used (Phillips et al 2010). 

The generated waves are regular and the wave amplitude 

is fixed at 0.1 m for all the tests.  The wave frequency is 

varied between 0.5 and 1.5 Hz, resulting in wave lengths 

of 0.7 to 6.25 m.  Each test lasted 5 minutes. 

Sensors on board the AUV are used to record altitude, 

depth, pitch, roll and heading.  Altitude is measured using 

an acoustic altimeter. This provides a sample rate of 

approximately 30Hz and a measurement resolution of 

0.01 metres. The altimeter is fitted 20cm below the top of 

the vehicle. 

Pitch, roll and heading are all measured using a digital 

MEMS compass. The digital compass also has a 16 bit 

A/D convertor which is used to measure the voltage from 

a pressure transducer. This pressure is used to calculate 

depth. 

Figure 16 – Delphin2 AUV at depth and heading as first 

waves approach;  Set altitude: 1.2m, wave frequency: 1.2 

Hz. 

             5.2 Experimental Results 

For these tests, the focus is on maintaining altitude and 

minimizing variations from zero pitch. Two set altitudes 

were tested; 1.2 and 1.5m, and a series of tests were also 

conducted with the AUV altitude controller switched off 

(AUV floating on surface).   

The buoyancy of the vehicle is always positive and is 

typically not adjusted between tests; therefore the 

buoyancy was set to its standard value.  This value was 

back calculated from the test data using the average 

thruster speed during a fixed altitude test with no waves.  

The average thruster speed is 690 rpm, thus the combined 

force generated to overcome the buoyancy by the two 

thrusters is 2.77 N. 

             5.2.1 Disturbance from Waves 

A fast Fourier transform was performed on the pitch and 

altitude data, Figure 17. This concluded that the frequency 

of the main disturbance to the vehicles pitch and altitude 

was the same as the frequency of the surface waves. 

The magnitude of the disturbances has been calculated 

from the data.  Figure 18 plots the amplitude of the heave 

disturbance of the AUV from the waves for three different 

altitudes.   

Figure 18 – Heave amplitude of vehicle (m), against wave 

frequency 

It should be noted that the magnitude of disturbance 

increases with decreasing wave frequency.  Also, the 

disturbances from the tests at 1.5m altitude are 

approximately the same as the tests conducted on the 

surface.  During the 1.5m altitude tests, it was observed 

that the top of the vehicle was breaking the surface during 

the trough of the wave.  It can therefore be concluded that 

the altitude controller failed at this altitude due to a 

combination of both the forces of the waves and the 

reduction in effective thrust as the vehicle approaches the 

free surface. From this data it is clear that the closer to the 

Figure 17 – Data from test at 1.2m altitude (0.4m depth) and 

0.5 Hz wave frequency;  Top: Pitch against time, Bottom: 

FFT of pitch signal showing dominant disturbance 

frequency is the same as the surface wave frequency 



surface the vehicle is required to operate, the more 

difficult it will be to control.   

             5.2.2 Forces from Waves 

To evaluate whether the tunnel thrusters on the Delphin2 

AUV would be capable of reducing or eliminating the 

disturbances caused by the waves, simplified dynamics of 

the vehicle will be used.  The centre of mass is taken to be 

a point exactly in the middle of the two thrusters, which 

are 1 metre apart. The torque, causing the pitch 

disturbance, acts about the centre of mass.  The mass 

(76.5 Kg, including added mass) and moment of inertia 

(20.53 Kg m
2
) have been calculated using an accurate 

CAD model of the Delphin2 AUV. 

Thus, for the tests conducted at an altitude of 1.2m and 

wave frequency of 0.5 Hz, the peak and RMS (root mean 

square) of the angular acceleration of pitch equals 12.5 

degrees/sec
2
 (0.2182 rad/s

2
). Therefore, the peak and 

RMS forces required of the tunnel thrusters to cancel this 

disturbance torque equals 4.48N and 2.83N respectively.  

The forces required to cancel the peak and RMS heave 

disturbance forces are calculated to equal 16.17N and 

10.22N. Before analysing these results in any detail it 

must be stated that these calculations are simplified but 

should provide a reasonable estimate as to the magnitude 

of the forces required to cancel the disturbances. 

The maximum force that each of the tunnel thrusters are 

capable of producing is 12.5N. Therefore, it can be 

concluded that the peak and RMS pitch disturbance could 

be eliminated (assuming an adequately performing control 

algorithm). The same can be said for the RMS heave 

force but not for the peak heave force. This would result 

in a significant reduction but not entire elimination of the 

disturbances caused by the waves. In reality, the heave 

and pitch motions are coupled, therefore it may be 

possible that by cancelling the pitch motion may reduce 

the maximum heave acceleration of the vehicle and thus 

reduce the maximum required force and so enable the 

complete elimination of the disturbance. 

          6 CONCLUSIONS 

At depth, the thrust generated by a vertical tunnel thruster 

has been shown to be linearly proportional to thruster 

speed squared. However, as the thruster nears the free 

surface a significant reduction in thrust is experienced. 

It has been concluded that the magnitude of thrust 

generated by the thruster propeller is not influenced by 

depth but instead, the reduction in total thrust is due to the 

influence of the fluid dynamics around the body of the 

thruster assembly. The flow around the body, when near 

the free surface causes a differential pressure across the 

body which acts upon an area resulting in a force acting 

against the force produced by the propeller, this force 

explains the reduction in total thrust. The full explanation, 

regarding the higher velocities which cause the 

differential pressure across the body has not been verified. 

A steady-state model has been produced which calculates, 

with reasonable accuracy, the total thrust for a given 

thruster speed and depth.   

The Delphin2 AUV has been tested operating near the 

free surface in waves. Data has been presented showing 

that the waves cause significant disturbance to the 

vehicles desired orientation. The magnitude of these 

forces increase at the vehicle approaches the free surface 

to a point when the forces are too great for the control 

system to maintain depth below the surface. For operation 

at 0.4 m depth, the forces have been estimated and are 

almost fully achievable using the tunnel thrusters.  It is 

expected that with a suitable control algorithm that the 

disturbances at this depth could be eliminated or at least 

greatly reduced. 
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