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Abstract

The field of Autonomous Underwater Vehicles (AUM&s increased dramatically in size and scope dwer t
past two decades. Application areas for AUVs anmernous and varied; from deep sea exploration, fielipie
surveillance to mine clearing. However, one lingtifactor with the current technology is the dunatiof
missions that can be undertaken and one contripdiictor to this is the efficiency of the propulsieystem,

which is usually based on marine propellers.

As fish are highly efficient swimmers greater prigjpee efficiency may be possible by mimicking thégh tail
propulsion system. The main concept behind thiskweas therefore to investigate whether a biomimfisic-
like propulsion system is a viable propulsion sysfer an underwater vehicle and to determine erpentally
the efficiency benefits of using such a system.r&heave been numerous studies into biomimetic Ifkgh
propulsion systems and robotic fish in the pashwiiany claims being made as to the benefits o$ha Itke
propulsion system over conventional marine propualsiystems. These claims include increased effigiamd
greater manoeuvrability. However, there is littleblished experimental data to characterise the ytsoge
efficiency of a fish like propulsive system. Alseery few direct experimental comparisons have bmede
between biomimetic and conventional propulsionesyst This work attempts to address these issudsdutly
comparing experimentally a biomimetic underwateypmtsion system to a conventional propulsion system

allow for a better understanding of the potentatdfits of the biomimetic system.

This work is split into three parts. Firstly, thesign and development of a novel prototype velgaléed the
RoboSalmoris covered. This vehicle has a biomimetic tenddwedpropulsion system which utilizes one servo
motor for actuation and has a suite of onboardasrand a data logger. The second part of this fearises on
the development of a mathematical model ofRiodoSalmorvehicle to allow for a better understanding of the
dynamics of the system. Simulation results frors thodel are compared to the experimental resultsshaw

good correlation.

The final part of the work presents the experimleratsults obtained comparing tRoboSalmorprototype with
the biomimetic tail system to the propeller anddeidsystem. These experiments include a study theo
straight swimming performance, recoil motion, stag transients and power consumption. For forward
swimming the maximum surge velocity of tReboSalmorwas 0.18ms and at this velocity the biomimetic
system was found to be more efficient than the @ltepsystem. When manoeuvring the biomimetic systeas

found to have a significantly reduced turning radiu

The thesis concludes with a discussion of the rfindings from each aspect of the work, covering libaefits
obtained from using the tendon drive system in $ewn efficiencies and manoeuvring performance. The

limitations of the system are also discussed agdesstions for further work are included.
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Chapter 1 - Introduction

1.1 Preface

The interesting and diverse field of underwaterotms has increased extensively over the last two
decades with numerous application areas driving thehnological advancement [Wernli,
2002;Bingham, Drake, Hill & Lott, 2002]. One pattiar area that has developed rapidly is the multi-
disciplinary field of unmanned underwater vehic({€JVs) [Roberts & Sutton, 2006]. These are
mobile underwater robots that are able to perfaskd in areas of underwater operation that may be
restrictive or hazardous for human divers. Théahactivity in this field involved maintenancedn
monitoring actives for the oil industry. This hdeveloped into other application areas with more
complex operational demands e.g. oceanographiegsirpipeline surveillance [Norcross & Mueter,
1999], mine detection [Purcell, 2000] and deep eraloration [Wernli, 2002]. These types of
vehicles have proved to be extremely versatile asdful tools for assisting with the human

exploration and utilisation of underwater natussaources.

UUVs fall into one of two main categories: remotelgerated vehicles (ROVs) and Autonomous
Underwater Vehicles (AUVs) [Roberts & Sutton, 20063OVs, as the name suggests, are UUVs that
receive operator commands and power via a tethenebilical [Wernli, 2002]. This umbilical
connects the ROV to a surface ship or platform wteehuman operator guides the vehicle remotely.
The main advantage of this type of vehicle is thdbes not need to carry its power supply onboard
(i.e. no onboard batteries) and is supplied extlgriieom an independent source [Blidberg, 2001].
This independence allows the vehicle to operateaftonger period of time as the power source is
provided by a surface source. However, the umbifitgsically restricts the operation range of the

vehicle and its dexterity. This severely limits thitdisation capability of the ROV.

In contrast, AUVs are UUVs that operate without ocmeinds from a human operator and therefore do
not require a physical umbilical connection [WertD02]. Although this provides manoeuvring
freedom and a larger operational range than RO¥&, @oes not have the restriction imposed by the
umbilical, it does have to carry its own power dy@nd navigation systems. Both add to the payload
of the vehicle and the capacity of the onboard paupply limits the range of the vehicle. Natuyall
extending the operational lifespan of the vehibl®tigh improvements in power consumption is very

desirable. Nevertheless, the main advantage dkthéis the flexibility that the autonomy provides.

The onboard power source for most AUVs is usualbcteical batteries [Wernli, 2002]. These
batteries have to power all the onboard systenwuding the propulsion system, which for most
AUVs is based on marine propellers and controlaz@$. This reliance on batteries limits the range

and operational time available for the AUV to caomyt its mission, which is usually in the region of



around 20 hours for mid-size AUVs [Purcadt, al, 2000]. There are also a number of mission types
that require an AUV to maintain a low speed sucfoafspection or intervention work [Binghaie,

al, 2002]. AUVs are usually designed for high speed are usually flight vehicles i.e. they rely on
control surfaces and the lift they provide to manme. Using this type of design can lead to the
performance of the AUV at low speed to be ineffitjavhich is a waste of valuable battery life and

can therefore further reduce the mission duration.

Another issue with some conventional AUVs is threanoeuvrability at low speeds, which in some
cases can limit the performance and operationalubgy of the vehicle [Anderson & Chhabra, 2002;
Saunders & Nahon, 2002]. This manoeuvrability isauses from the use of control surfaces on the
flight vehicle type of AUVs. For these to providentrol forces (i.e. a lift force similar to an aiaét
wing) the vehicle has to be in motion and genesatécient flow over the control surface. Some AUV
designs utilise multiple propeller based thrusteositioned at each vehicle axis to increase the
manoeuvrability. However this has the disadvanta#galding significantly to the power consumption

requirements thus draining the battery more quickly

Naturally, a more efficient and manoeuvrable meafhgropulsion would lead to an increase in the
mission duration as well as the general performaridhe vehicle. To find an alternative underwater
propulsion technique to a propeller based systeendmes not have to look any further than nature.
Fish have been propelling themselves in the ageatironment for millions of years using only their
tail and fins [Videler, 1993]. In addition certagpecies of fish show propulsion and manoeuvring
characteristics that are far in advance of thatlbkpof current AUV technology [Wolfganet al,
1999]. Such characteristics include acceleratiohgreater than 25g for short periods found in
observations of pike [Videler, 1993], turning indem a body length in a fraction of a second for a
numerous species including the angelfish [Videl®&93] and a very high propulsive efficiency in a
tuna [Triantafyllou & Triantafyllou, 1995]. The poalsion technique used by fish has been optimised
by millions of years of biological evolution andutd therefore be considered an optimal solution for
underwater propulsion. By mimicking the methodsh fuses to propel itself through the water (i.e. a

fish tail) an underwater vehicle could obtain savhéhe beneficial swimming characteristics of fish.

This idea of mimicking concepts and solutions foumchature is not new, it has been around for
centuries but only fairly recently has it been giihe namebiomimetics[Bar-Cohen, 2006]. The
concept ofbiomimeticsand its application to propulsion systems for un@éer vehicles is the

underlying theme of this work.
1.2 Biomimetics

The area of biomimetics involves the study of raltprocesses and using them to solve engineering
problems [Bar-Cohen, 2005]. There are a numberakhts of looking to nature for the solutions to
engineering problems as the solutions found theree hbeen optimised by millions of years of
evolution [Bar-Cohen, 2006].



Interest in this field is increasing rapidly due rt@ny factors such as the potential benefits from
biomimetic concepts and current technology reachimhgvel which allows these concepts and related
designs to be realised. Several famous examplb®ofimetics already exist and are in everyday use

such as ‘Velcro’ [Vincent, 2003].

One particular area of biomimetics that is gaingopularity is in the field of biomimetic robotics.
This is where robots are developed that mimic §wneatures, perhaps the most famous one to date is
‘Azimo’ the humanoid robot who walks on two legstlike a human [Honda Motor Co., 2007]. The
potential advantages that biomimetic robots antksys have to offer are numerous. One example of
this is using legs for propulsion instead of whdelsland based mobile robots. The use of wheels
restricts the terrain that the robot can traveoseeasonably flat environments. However, with tee u

of legs the robot could travel over rougher terrmiaccessible to wheeled vehicles such as dense
woodland. One example of a robot that could hatefl@in that a wheeled vehicle would find difficult

is ‘Big Dog’ which is a four legged robot that res@des a mule that can travel over ice, rubble and

uneven ground [Raibere} al, 2008].

A biomimetic approach is central to this investigat and as with the land based robots, benefiis ma
be obtained from utilizing a biomimetic system torderwater propulsion. The majority of the work
presented here focuses on a vehicle calle®RttmSalmonThis vehicle utilizes a biomimetic fish-tail
for its main propulsion system and as the namei@gsp$ based on the size and swimming style of an

atlantic salmon.
1.3 Why a Salmon?

When designing thRoboSalmorvehicle the aim has been to imitate the appearandeapproximate

the swimming motion of an atlantic salmon [Youn@62]. This particular species has been selected
due to a number of factors including the importaat¢his species to the national economy and the
requirement to better understand the current deatirthe stocks of this fish [SPICE Research Paper
00-17, 2000]. Work carried out on the design df fimsses for dams has also been a factor because of
the need to understand the swimming motions andvbedr of salmon. This crucial understanding of
the biological behaviour of Salmon has allowed maptn, environmentally friendly fish passes to be
developed [Guinyet al, 2003]. Also, in terms of swimming performanceafiteon has a good balance
between speed and manoeuvrability, as is demoedtiattheir interesting life cycle which requires
them to swim in fast flowing rivers and in the ogcegroung, 1962]. Lastly, from a technical
perspective the size of adult atlantic salmon ghallow the prototype to have sufficient internal
volume for location of all the required electrieadd mechanical systems. The manageable size of the
atlantic salmon is also beneficial as it enableslatively smaller water tank to be used in theings
process, which is in stark contrast with some latgelerwater vehicles that require specialist hgsti

facilities and a team of operators.



The aim of developing the biomimetRoboSalmorvehicle is to allow for experimental trials to be
conducted. These trials are intended to investifaedynamics of the vehicle and determine the

benefits of utilizing a biomimetic propulsion systéor an underwater vehicle.
1.4 Biomimetic Propulsion Research

There are numerous other research projects inegisiggbiomimetic propulsion and robotic fish that
have been conducted over the past two decades pratoget al, 1995; Anderson & Chhabra, 2002;
Morgansenegt al, 2007]. These other research projects have vanbjectives such as to investigate
the performance of a fish like robot with a biomirodish tail propulsion system [Ywet al, 2004;Liu

& Hu, 2005a] or to develop appropriate control aigons for a robot fish [Listaket al, 2005; Terada
& Yamamoto, 2006; Morganseet al, 2001]. Several of the more well known projects @overed in

more detail in Chapter2.

In the majority of the published papers found oig thpic, claims are made that imply robotic fish
should be more efficient than conventional promuistechniques because real fish are efficient
swimmers [Yu.et al, 2005; Liu,et al, 2005a]. Another common claim made is that robiigic should

be more manoeuvrable than marine vehicles with @otenal propulsion systems [Liu & Hu,
2005b;Yu,et al, 2005]. However, little work appears to have bpeablished directly analysing the
efficiency of a free swimming fish like robot expmentally. Also, with the literature surveyed very
few direct experimental comparisons are made betveediomimetic system and a conventional
marine propulsion system. This is also the casetHfermanoeuvring of robotic fish. Many of the
papers state that robotic fish should be more mamabéle. However, they tend to focus their analysis
on the turning performance of their robot and ddé daw comparisons with the manoeuvring

performance using a conventional marine propulsi@tem [Liu & Hu, 2005b].

The work carried out as part of this thesis theeefattempts to provide a detailed investigation int
the experimentally determined efficiency of a véhigvith a biomimetic fish tail and how this
efficiency compares to a vehicle of similar size With a conventional propulsion system. Similarly,
as well as determining experimentally the mano@gvperformance of the vehicle a comparison is
made between this manoeuvring performance of tbheibietic system and the performance of a
vehicle with a conventional propulsion system. Twill allow for the claims of increased efficiency

and manoeuvrability to be better understood.
1.5 Objectives
The main objectives of this work can be summareztbllows:

* To analyse the swimming performance of a vehiclia &ibiomimetic propulsion system and

characterise its performance through physicalstrial

» Improve the understanding of the potential efficies and benefits that may come from

utilising a biomimetic propulsion system for AUVgign



To develop a mathematical model to assist withuhderstanding of the dynamics of the

system and to estimate the performance of the tymdardware.

To compare experimentally the performance of themiohetic system to a conventional

underwater propulsion system utilizing a propedied rudder.

1.6 Contribution to the field

The work undertaken in this project is aimed attgbuating to the field of underwater biomimetic

propulsion systems and biomimetic robotics by itigasing the potential benefits of utilising a

biomimetic propulsion system for underwater vetscle

The contributions of this work can be summarizetbisws:

The design, development and construction of a @migw-cost, underwater vehicle that
utilises a biomimetic propulsion system and whosafgomance could be evaluated

experimentally.

The development of a mathematical model of thealehvith a biomimetic propulsion system

which draws on methods used for modelling convaalionarine craft.

A detailed study into the recoil motion caused bg biomimetic propulsion system whilst
swimming.

The implementation of an actuated head on the leehitd experimental determination of its
effects on forward swimming performance and mandegy

Experimental determination of the power consumptibthe biomimetic propulsion system.

To complete a detailed experimental comparison éetva biomimetic propulsion system and
a conventional propulsion system to address tHedaceadily available data on this aspect in

the current literature.

The publications resulting from this work to date bsted below —

Watts, C.M., McGookin, E & Macauley, M., “Modellingnd Control of a Biomimetic
Underwater Vehicle with a Tendon Drive Propulsiopstem”, IEEE/OES Oceans 2007,
Aberdeen, 18-21% June, 2007.

Watts, C.M., McGookin, E & Macauley, M., “BiomimetiPropulsions Systems for Mini-
Autonomous Underwater Vehicles”, Student Paper#PosVITS/IEEE Oceans 2007,
Vancouver, Canada, 2®ept — 4 Oct, 2007,

Watts, C.M. & McGookin, E, “Modelling and Simulatioof a Biomimetic Underwater
Vehicle”, Grand Challenges in Modelling and Simidat SummerSim’08, Edinburgh, Y46
19" June, 2008.



Work is currently underway on a number of additignablications involving the experimental aspects

of this project.
1.7 Thesis Structure

The focus of this project is an investigation itie use of a fish-like biomimetic propulsion system
for underwater vehicles to ascertain performanakdetermine any potential benefits obtained from
using such a system. To accomplish this, a testhlegltalled thRoboSalmonhas been designed and
constructed to measure the dynamic performandeedbiomimetic propulsion system experimentally.
In parallel with the vehicle hardware developmenmathematical model of tHeoboSalmoras been

developed to determine the full performance rarfghevehicle through simulation studies.

This thesis outlines the study and analysis of ¥bisicle’s performance and its comparison against a
propeller based benchmark. It achieves this thrdbg following chapters that are organised in the

manner outlined below:

Chapter 2 contains a review of the current statehef art and supporting literature relevant to
technology discussed in this investigation. Du¢h® wide ranging, multi-disciplinary nature of this
project Chapter 2 covers aspects of fields sucla asimmary of current ROV and AUV technology,
an overview of the developing field of biomimetica, review of other projects investigating

biomimetic propulsion and robotic fish.

The experimentalRoboSalmonhardware is discussed in detail in Chapter 3. Hewebefore
discussing the hardware in detail a number of eslevaspects relating to fish biology and fish
swimming are discussed to provide background ferdésign of the hardware. Both the mechanical
and the electronic systems implemented within RaboSalmonare described together with a
discussion of the rationale behind a number oftileéogically inspired design decisions. The design

of the tendon drive tail system is introduced aisdussed along with its limitations.

The development of the mathematical model baseth@mynamics of thoboSalmorns described
and discussed in Chapter 4. This model descriteegthamic motion of thRoboSalmorand covers
details of the modelling of the propulsion systefthis chapter also includes details of the
experimental laboratory apparatus used for théstoé the RoboSalmornvehicle and the validation

process for the mathematical model.

Chapter 5 presents the experimental results framtribls of theRoboSalmorvehicle for forward

motion. The first results present the effects orwénd motion of varying the tail beat frequency
followed by the results for varying the tail beanmitude. Results are then presented which
characterise the recoil motion and relate it to theying parameters of the biomimetic propulsion
system. The experimental effects of the use ofatteated head during forward motion are then

presented and discussed. Finally, the chapter edesl with an experimental comparison of the



performance of the biomimetic tendon drive systeithh & conventional propeller based system on a

similar vehicle. The comparison is based on preipalefficiency and power consumption.

The results for the manoeuvring performance ofRbboSalmorvehicle are presented in Chapter 6.
Results are presented and discussed which illesth@ manoeuvring capability of tirRoboSalmon

In addition, these results demonstrate the relshtignbetween the offset of the tail centreline Hred
maximum turning rate. The manoeuvring performarscalso evaluated using two of the standard
manoeuvres used for the evaluation of conventiomaiine craft; theurning circle and apull-out
manoeuvreAlso shown in this chapter are results that destrate the effect the actuated head has on
the manoeuvring performance. Finally, the manoéilityof the tendon drive tail is compared to the
manoeuvring performance of a conventional propeltet rudder based system. Again the analysis of

the manoeuvring capability and power consumptiomfthe basis of the comparison.

Chapter 7 presents simulation results obtained fitmuse of the mathematical model developed in
Chapter 4. A number of trials that have not beemdooted using the hardware are carried out in
simulation. This includes swimming at high tail bdeequencies, burst-coast swimming and a
simulated 20-20 zig-zag manoeuvre. The next asyma@red in this chapter is the simulation study of
the estimated propulsion performance of a tail a&@n which uses five individually actuated
segments. Firstly, the modelling of this systendiscussed followed by simulations of the system
carrying out forward motion trials which are comgzhmvith the results obtained from the tendon drive
system. Manoeuvring trials including turning ciclend a zig-zag manoeuvre are then simulated and

again compared with the performance obtained flmrteéndon drive system.

Finally, Chapter 8 presents the conclusions thae Heen drawn from this work along with a brief
overview of how the results compare with the mamsaand objectives set out at the start of this
thesis. A section on suggestions for further warlaliso provided which details improvements that
could be made to thRoboSalmorardware and software, along with areas that cbelahvestigated

further.



Chapter 2: Background & Literature Review

2.1 Introduction

The field ofbiomimeticrobotics is multi-disciplinary in nature and invet the fusion of numerous
different subject areas. This chapter gives a geénm@view of the relevant topics related to the
development of theRoboSalmonvehicle and accompanying simulation model. Firsty brief
overview of current underwater vehicle technologgiuding remotely operated vehicles (ROVs) and
autonomous underwater vehicles (AUVS) is presenléds is followed by a review of the field of
biomimeticsncluding some background and a number of exanfpbes across the field. The field of
biomimetics and how it can be applied to underwsagdricle technology is discussed along with the
benefits of using a biomimetic propulsion systeifhere then follows a review section discussing
other significant biomimetic robotic fish projedtem around the world. The chapter then concludes
with a brief discussion about student AUV competis and the University of Glasgow entry to the

2006 Student Autonomous Underwater Challenge —gg&uro
2.2 Submarines, Submersibles & Unmanned Underwatérehicles

The idea of developing vehicles to travel underwienot a new idea. One of the first underwater
vehicle concepts was developed as far back astrenteenth century and was intended to be used to
explore the underwater environment [Burcher & Rydi®94]. As with many technologies, when the
military benefits of underwater vehicles becameaappt much more emphasis was put on their
development. The first military submarine, callég Turtle, was developed by American David
Bushnell during the American War of Independencg was used unsuccessfully against the British
Warship HMSEagle at the blockade of New London Harbour in 1776 dBérg, 2001; Roberts &
Sutton, 2006].

Within the field of underwater vehicle technolodyete are a number of different types of vehicle,
which can broadly categorised into two classes;madnand unmanned vehicles [Blidberg, 2001].

Manned systems are perhaps the most well knowrhe@funderwater vehicle technologies, with

systems ranging from the military submarines useddyies around the world to small submersibles
used for observations of marine life made famouslagques-Yves Cousteau [Cousteau Society,
2009].

Unmanned underwater vehicles can be further sulketivinto three rough sub classes; towed vehicles,
ROVs and AUVs [Blidberg, 2001]. Towed vehicles gtdte simply platforms that are towed behind a
ship which usually carry a number of sensors, sichonar, and can be used for applications such as

surveying the ocean floor [Blidberg, 2001; Ballagtial, 1991].



As this project deals with investigation into a abypropulsion system for underwater vehicles the
following sections give a more detailed, but diiflef, introduction and overview of current ROV and

AUV technology.
2.2.1 Remotely Operated Vehicles (ROVSs)

The field of ROVs is now a multi-million dollar ingtry with the majority of application areas within
the oil industry but with other application areastle military, environmental and biological fields
[Whitcomb, 2000; Norcross & Mueter, 1999; Yuh, 1P9Specific applications of ROV are for
example water pipe inspection [Rives & Borrelly9T harbour inspection [Martinst al, 1999] and

underwater survey [Jalving, 1999].

A ROV is a vehicle which operates in the underwaevironment and is usually connected to a
control station or ship located on the water safag means of a tether [Roberts & Sutton, 2006].
This tether allows a human pilot to send contraho@mnds to the vehicle and for data, such as a
camera feed or sensor readings, to be retrieved fin@ vehicle in real time [Blidberg, 2001]. ROVs
vary in size from small portable vehicles like t8eabotix LBV300 [Seabotix, 2009] to vehicles
weighing several tonnes used for deep submergepeeations such as the SMD Hydrovision
QUANTUM [SMD Hydrovision, 2009]. An example of a pable ROV by Rovtech Systems Limited
[ROVTECH Systems, 2009] is shown in Figure 2.1.

Figure image has been removed due to Copyrighticéshs

Figure 2.1: Miniature ROV from RovTech Systems ltedi[ROVTECH Systems, 2009]

Although the majority of ROV applications are withithe oil and gas industry ROVs have
successfully been used in the environmental aniddizal fields. For example, in the biological fiel
ROVs have been used as a lower cost alternatiusitgy manned submersibles to study marine life
[Norcross & Mueter, 1999].

Perhaps the most famous of ROV operations to dedebben the use of the technology to explore the
wreck of the RMSTitanic in 1986 [Ballardet al, 1991; Michel & Ballard, 1994]. The RO¥ason Jr
developed by the Wood Hole Oceanographic Institae used to obtain spectacular close up images

and video footage of the wreck located at a depjbist under 4000 ftJason Jrwas controlled via a



300 ft fibre optic cable to a larger manned dedprsrgence vehicle, the DSMvin, which is now
operated by WHOI [WHOI Website, 2009].

2.2.2 Autonomous Underwater Vehicles (AUVS)

An AUV is a vehicle capable of operating in the emdater environment, similar to a ROV, but
usually without a tether and with some degree tdrsamous operation and an onboard power supply
[Wernli, 2002; Blidberg, 2001]. One of the earliesamples of a system that could be classed as an
AUV is a torpedo [Blidberg, 2001]. AUVs have a nuenlof benefits over ROVs such as not requiring
a tether and so can potentially have longer raAdsn, there are certain logistical benefits to the
vehicle being fully autonomous in that it may netjuire a dedicated support vessel for its entire
mission duration thus allowing the support vesseddrry out other tasks. This could potentiallydlea

to large savings as the cost for a support vesselbe in the region is several thousand dollars per
hour [Podderet al, 2004].

However, currently one of the main disadvantage&l¥ technology is that if there is a malfunction
on board or the vehicle or it is damaged it male®very of the vehicle a difficult and potentially
costly [Podder, etl, 2004; Wernli, 2002]. As AUVs are usually very ttpgo develop loss of the
vehicle is an unacceptable risk, but as this teldgyomatures and the costs are reduced, AUVs could
potentially replace ROVs in a number of applicasipBingham,et al, 2002]. Also of interest for the
reduction of risk within AUVs is the use of re-capfrable control systems [Yuh, 2000]. These are
control systems such that, when a fault occursy #iter their control algorithms to maximise the
performance from the system [Bakerit,al, 2003]. This would allow the vehicle to continuéhwits
mission in the presence of tolerable faults or hange the control strategy to allow the vehicle to
surface and be recovered [Yuh, 2000; Baketi@|, 2003].

Many AUV systems have been developed over thetpastiecades. A large number of these AUVs
have been developed by academic institutions &@arech and development purposes. One such AUV
is the Dorado class AUV developed by the Monterey Bay Aquariues&rch Institute (MBARI)
[MBARI, 2007]. This AUV is based on a modular atesture which allows different
modules/payloads to be incorporated into the velaslrequired by the mission [Sibenetcal, 2002].

By doing this the flexibility of the vehicle is gily increased and therefore appeals to a widetyari

of users. Due to this flexibility the 21” diameterpedo shape®orado vehicle can vary in length
between 8 feet to 21 feet depending on the cordtgar [MBARI, 2007].

Another interesting AUV is the AutoSub AUV develdpby National Oceanographic Centre at
Southampton [Griffithset al, 1999]. The rationale behind the development efAltoSub AUV was

to produce a demonstrator vehicle to show thatimeubcean scientific data relevant to climate
change, which was usually collected by ships, cbeldollected at a lower cost by an AUV [Collar &
McPhail, 1995]. To date the Autosub project hasdpoed two vehicles which have been used

extensively for ocean science missions over thé gesade at a lower cost than some large pieces of
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towed equipment. One of the achievements of th@3uib-2 is that it has been used under ice sheets
to gather biological data in place of a ship. Thés shown reduced disturbance caused by the AUV
compared to a ship [Brierleyet al, 2003]. Due to the success of the Autosub projsgb-sea
engineering and construction form Subsea 7 enteteda licensing partnership with the National
Oceangraphic Centre and has used the Autosub geaitcla basis to develop their own AUV for

commercial purposes called the GeoSub [Underwater.2004].

Currently there are a number of specific applicaitor AUV technology and due to the nature of the
autonomy of the vehicle a large number of thesdiagimns are military [Wernli, 2002]. Perhaps the
prime military application is that of mine detectiand clearing [Wernli, 2002]. This is most likely
due to the potential to detect and clear mines owithany risk to human operators or personnel
[Corfield & Hillenbrand, 2003]. One AUV which haseén used successfully for this task is the
Remote Environmental Measuring UnitREMUS vehicle [Purcell, 2000].REMUS was used
successfully in the opening stages in Operatiagi Feeedom in 2003 to assist the US Navy search for
and clear mines in the waters near the Port of UQasr [Intl. Oceans Systems, 2003; Underwater
Magazine, 2003]. Th&@EMUS 100 system, shown in Figure 2.2 is a 4 foot loogdédo shaped
vehicle capable of operating at depths up to 10€rmseFor mine hunting operations tREMUS
vehicle is programmed to follow a pre-determinedrsie path which can be up to 60 miles in length
and is equipped with sidescan sonar and mine dmtesftware which detects mine like objects from

the sonar images [Vonalt, 2003; Underwater MagaZ063].

Figure image has been removed due to Copyrighticésns

Figure 2.2: REMUS 100 System [Vonalt, 2003]

At present AUV operations are by no means commaoepbut there are currently a growing number
of AUVs in operation around the world in a varietly different operational applications. The past
decade has also seen the emergence of a numbemafercially available AUVs indicating that the
technology has reached a milestone. One such cariathgravailable AUV is theREMUSvehicle
mentioned earlier. Although developed by the WH@lk vehicle has been commercialised by
Hydroid Inc and is available in a number of differeonfigurations depending on the end application

[Vonalt, 2003]. Other commercially available AUVseathe SeaOtter vehicles developed by Atlas
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Maridan and the HUGIN series of AUVs developed mnisberg Maritime and a number of partner
companies which are perhaps currently the mostesgfal commercial AUVs to date [Vestgard,
2003; Marthinusseret al, 2004].

Although it could be argued that that HUGIN AUVsarot truly autonomous due to their acoustic
tether they have been used extensively for deepwateeys for the oil and gas industry. THEGIN
3000 which has operated at depths of almost 3000 satréhe Gulf of Mexico [Wernli, 2002] has
shown that a cost saving of around one third to loalé can be achieved compared to traditional

systems for offshore surveying missions [Marthiemsst al, 2004].
2.2.3 Undersea Gliders

Recent years have seen a growing interest in #ieé &f undersea glider technology. An undersea
glider is special type of AUV that uses a changéuoyancy in conjunction with wings to produce
forward propulsion [Griffithset al, 2007]. This propulsion technique has the advantigallowing

the vehicles to undertake missions with requiredhtibns far exceeding that of conventional AUVs
[Rudnick, et al, 2004] due the small power consumption requiredhieybuoyancy change propulsion
system. Due to the long mission durations possifitle gliders, which can be many months compared
to the tens of hours obtainable from propeller@hmigraft [Eriksenet al, 2001], they are ideally suited
to oceanographic sensing missions [Graver, 2008]raititary patrol and reconnaissance operations
[Griffiths, et al, 2007]. For ocean sensing and survey missionglitiers could be equipped to carry a
number of sensors to collect useful data aboubtean such as conductivity, temperature and depth
(CTD) sensor packages [Griffiths 2007].

The principal of operation of an undersea glidethist at deployment it is negatively buoyant and
therefore tends to dive, during which the wingsalep a component of the downward motion in the
horizontal plane thus producing a forward forcec®a predetermined depth is reached the vehicle
changes its buoyancy to become positively buoyBinis is could be done by pumping oil from an
internal bladder to a bladder external to the Vehitius increasing the vehicle volume but keepireg
mass constant [Griffithsgt al, 2007]. This process of altering the buoyancy tbaminually cycles to
allow very large distances to be covered using iighy onboard power. The only disadvantage of thi
propulsion technique is that the saw tooth deptfilprcreated by the vehicle as it moves which may

limit the vehicles use in certain applications. ilustration of a glider is shown in Figure 2.3.
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Figure image has been removed due to Copyrighticésns

Figure 2.3: Glider lllustration [IEEE Spectrum, 3)0

Manoeuvring of the vehicle is usually achieved byvmg mass within the vehicle to control roll and
pitch, thus simplifying the design of the vehicle ao external actuators or control surfaces are

required [Eriksenet al, 2001].

From the available literature surveyed there agpabe three makes of underwater glider currently
in operation around the worl&eagliderfrom the University of Washington [Erikseet al, 2001],
Sprayfrom the Scripps Institute of Oceanography [Sherned al, 2001] and theSlocumfrom the
Webb Research Corporation which uses energy haodgim its environment [Weblet al, 2001].
There are also numerous institutes developing &bor-scale underwater gliders for research
purposes such as Leonard & Graver, [2001] and Wetoal, [2007].

One goal for underwater glider technology is fagefs of gliders to operate together to survey
continuously an area of ocean returning to theaserbccasionally to transmit their sensor datatand

receive new commands [Shermanal, 2001].

A recent major boost for underwater glider techgglas that the US Navy has recognized the
potential of this technology and is soon going na@unce the winner of a large contract to produce
154 such gliders as part of itsttoral Battlespace Sensing, Fusion and Integnatpyrogram [IEEE
Spectrum, 2008].

2.3 Biomimetics

The area obiomimeticsinvolves the study of systems, processes and metfooohd in nature and
using them as the basis for solving engineeringplpros [Bar-Cohen, 2005]. The tefbiomimetics’
comes from the ancient Greek wotdss, meaning life, ananemisis,meaning to copy [Bar-Cohen,
2006].

Interest in this field is increasing rapidly duenbany factors such as the potential benefits ohldén
from biomimetic concepts and current technologyhé@sy a level which allows certain biomimetic
concepts and designs to be implemented and explpradntafyllou & Triantafyllou, 1995],

[Sfakiotakis,et al, 1999] and [Liu,et al, 2005]. The field obiomimeticsis wide ranging and can be
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said to include any technological system or proedsish was inspired by nature or is indeed a copy

or adaptation of a natural system or process [Bdre@, 2006].

There are a humber of famous examples of biomimeliat are common in everyday use such as
‘Velcro'. After walking his dog, George de Mestthk inventor of Velcro was inspired by the hook
system that burdock seeds used to attach themdel¥es dog’s fur [Vincent, 2003]. Biomimetics not
only covers imitating a particular physical functisuch as walking or flying but also to imitatiriget
underlying concepts or principals found in natueenetic Algorithms (GAs) used for optimisation
problems are an example that draws inspiration fileenDarwinian theory of natural selection [Bar-
Cohen, 2006].

Biomimetic systems can have a number of advantayes conventional systems for certain
applications. As any biological system has evoleeiis current state over several millions of yeafrs

evolution, nature has in effect optimised the sysfer its environment and the tasks it has to
accomplish [Bar-Cohen, 2003]. For a number of emgiimg applications nature's solution to the
problem is superior to the conventional engineesalyitions and methods. However, in many such
circumstances the development of a direct copheftatural system is limited by current technology.
Indeed the concept of biomimetics is not new; LedoaDaVinci's design for a flying, machine

modelled on a bird, is an early example [Dickins®899] but the technology was not sufficiently

developed to allow the design to be implemented.

There are examples where technology has beenedspyr nature, only for humans to further develop
it to make it superior to the natural design. Orangple of this is supersonic aircraft [Bar-Cohen,
2006]. The development of aircraft was inspiredjiodlly by bird flight [Anderson, 1978], then over

decades of development aircraft technology was Idped to a level where it was possible to fly

faster than the speed of sound [Bar-Cohen, 2006].

Biomimetic concepts have also entered the fieldamitrol theory where control algorithms have been
developed that are inspired by the biological nleasiworks found in living brains [Betchtel &
Abrahamsen, 1991]. These artificial neural netwdnesye been used successfully in a number of
applications such as industrial process contratfSet al, 2000] and control of a robot manipulator
[Lewis, et al 1999]. There are several benefits of using aréifineural networks for control systems
including the ability to learn the system charast@s and interactions for complex systems purely

from the input/output behaviour of the system [GlhénJeon, 1993].
2.3.1 Biomimetic Robotics

The area of robotics and autonomous systems hant@dly much to gain from the field of
biomimetics. Robotic applications have used certéimimetic concepts of varying complexity for
some time now. One example of this is the whiskessd on some mobile land based robots for

collision avoidance which are similar in concepthte whiskers on rodents [Gravageeal, 2001].
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Another area of biomimetic robotics is legged rab@he idea behind using multiple legs on a robot i
that it should be able to traverse terrain thateidak robots would find difficult. Currently the tvi@st
examples of legged robots are Asimo [Honda, 2066]Big Dog [Boston Dynamics, 2008]. Asimo is
a two legged humanoid robot developed by Hondaithable to walk unaided on two legs [Honda
Motor Co, 2007]. It is also capable of climbingitaa feat that most wheeled robots would findrnea

impossible.

Big Dog is a four legged robot 1m tall weight 103 is powered by an internal combustion engine
[Raibert, et al 2008]. The robot is capable of walking in variayats, including crawl, trot and
running, and can walk over uneven ground, ice, lulsimd snow — terrain that a wheeled vehicle
would find troublesome [Raiber} al, 2008].

Using legs to move a robot is not the only formbidmimetic propulsion that roboticists have
investigated. There have been a number of snakedikots developed that undulate like a snake for
propulsion on land [Yamakitat al, 2003; Paapet al, 2000]. One of the applications of snake like
land based propulsion is for survivor location @pens after a disaster such as an earthquake [Shan
& Koren, 1993]. A subset of these snake-like robarts also capable of swimming in water in a
similar undulatory fashion to an eel [Cresgt, al, 2005]. Eels and fish are not the only type of
underwater creatures to be imitated in robotiostetthave been numerous studies into robotic turtles
[Kemp, et al, 2005; Wolf,et al 2006; Daouget al, 2008]. These robotic turtles use a number of
flapping-flipper like fins to produce the propulsiforce [Kemp,et al, 2005]. However, the focus of

this project is on a robot that utilises a fist fiaii propulsion.
2.3.2 Fish-like Biomimetic Underwater Propulsion

In the aquatic environment fish are exceptionakysatile swimmers. In some cases they can be
extremely fast, reaching accelerations in exceszbgffor very short periods [Videler, 1993]. Also,
they can be highly manoeuvrable with some fish d¢p@ible to change course by 180 degrees, within

less than a body length, in under several tensilb§@econds [Wolfganget al, 1999].

In comparison, current underwater vehicle technologn appear slower and cumbersome compared
to the characteristics of some fish. The past decadso has seen the development of many robotic
fish-like vehicles with biomimetic propulsion syste and these have generated significant interest in
the field of AUVs [Barrettet al, 1996], [Mclssac & Ostrowski, 2003], [Lief al, 2005]. This interest

is due to the potential benefits of biomimetic prigpn techniques over conventional methods. The
benefits may include improved propulsion systenicigfiicy [Triantafyllou & Triantafyllou, 1995],
increased manoeuvrability [Wolfgangt al, 1999] and less disturbance of the surroundingemvat
[Sfakiotakis,et al, 1999].

From the literature available and from the work ptated as part of this thesis, a number of specific
potential applications of biomimetic underwatermrision systems have become apparent. As well as

being able to perform tasks that conventional uneter vehicles can undertake such as underwater
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observation, there are a number of additional t&sksvhich a biomimetic propulsion system would
be ideally suited due to the potential benefitcdbed previously [Sfakiotakigt al, 1999; Barrettet
al 1996; Yu,et al, 2004; ]

* Biological researchThe efficiency and low noise nature would allow fonger and more
detailed studies of aquatic species to be conduetde minimising disturbance to their

natural environment.

» Environmental Monitoringincreased manoeuvrability in confined spaces dficiency of
biomimetic vehicles should allow for increased naiesduration and the ability to visit
locations currently unsuitable for conventional icéds. When the vehicle is equipped with a
compliment of sensors such as to detect oxygerpahdgtants the vehicle would be ideal for

environmental monitoring.

« Military: The potential ability to cause less disturban@ata conventional vehicle coupled
with a fish like appearance and higher efficienould give the vehicle an element of stealth

which would be well suited to surveillance and rat@issance tasks.

2.4 Robotic Fish Projects

Over the past few decades there have been numamgjests and investigations that have been carried
out in the field of biomimetic propulsion and roiaofish by industry and other academic institutions
for research and commercial purposes. These psajange from conceptual studies to development
of oscillating foil propulsion systems to full anmmous robotic fish. The University of Glasgow
carried out a preliminary investigation into osatilhg foil propulsion in the late 1980s [Lai, 1990]
The projects on this subject have a diverse rahgés and objectives, such as imitating fish dipse
to understand how they swim and investigating te af flapping hydrodynamic foils for propulsion
of surface vehicles. However, as noted in Chapteorh the literature surveyed there does not appear
to be much published data on the experimental arsadf the propulsive efficiency of robotic fishdan
how it compares to conventional marine propulsigsteams. Also, in terms of manoeuvring the focus
of the robotic fish projects tend to be on the imgnperformance of their vehicles and little work
appears to have been done onto how the manoewpeifigrmance compares to that of a conventional

marine propulsion system

It is impossible to cover all the previous projeatsl investigations in this area so several ofwak

known and more advanced robotic fish projects eeudsed in the following section.
2.4.1 Mitsubishi Heavy Industries

Perhaps the first investigation to produce a figle lunderwater robot was the investigation by
Mitsubishi Heavy Industries in the early 1990’seTdim of this work was to investigate the feadiili
of using an oscillating fin for a vehicle actuafdfamamoto,et al, 1995]. This work started with

cruising tank investigations using a fin configioatthat was capable of movement in the sway and
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yaw directions. The fin elasticity and shape wa® ahvestigated which indicated that increasing fin
elasticity can increase the thrust generated aficiegicy over a totally rigid fin. Their resultssal
indicate that a fish shaped flexible fin generatexte thrust and greater efficiency than all of dkieer

combinations of fin shape and elasticity invesegdtyamamotoet al, 1995].

This work on oscillating fin propulsion lead onttee development of several animatronic robotic fish
systems including a robotsea-breanand a replica of a prehistogoelacantiYamamoto & Terada,
2003]. The work also produced a surface vehicléchvlused two oscillating fins for propulsion
[Terada & Yamamoto, 2006]. The conclusions of therknstate that the oscillating fin propulsion
device is an effective propulsor and is particylatfective in a number of circumstances such as in
operation in muddy water, an area where a quiepysor is required and hovering is required
[Terada & Yamamoto, 2006]. Other physical benefitéamplementing the system are that the system
is potentially safer than a propeller system beeanisthe high speed of the blades and the inherent
rolling motion generated [Yamamoto & Terada, 2003je work also indicates that a potentially more
compact actuation system could be developed beaatils#tng one mechanism the thrust and its
direction can be controlled at the same time untitteer systems which require both a propeller and a
rudder for this task [Yamamoto & Terada, 2003].

2.4.2 MIT: RoboPike, RoboTuna & The VCUUV

Perhaps the most well know work on fish-like praorh has been carried out at the Department of
Oceanic Engineering at the Massachusetts Instifuleechnology (MIT) in the USA by Triantaffylou
and his research group in the 1990’s. The thrugteif work appears to be aimed at obtaining aebett
understanding of the hydrodynamic aspects of figh propulsion and the use of flapping foils as a
propulsion system for underwater vehicles. Theyehalso attempted to describe the interaction of
their vehicles with the surrounding water and todelahe hydrodynamics using various techniques
including computational fluid dynamics (CFD) [Trtafyllou, et al 2000].

Due to the difficulties in obtaining experimentalta from live fish relating to their hydrodynamic
performance, they reasoned that by developing ra@table platform that imitated a fish that a leett
understanding of fish propulsion could be achiguentafyllou, et al, 2000].

One significant contribution that MIT have madehe area of fish propulsion is the discovery tloat f
efficient swimming that the Strouhal (St) numbeowd be in the range 0.25 to 0.35 [Triantafyllou &
Triantafyllou, 1995]. This was proved by experina@ntork from their prototype mechanical fish; the
RoboTuna The Strouhal number is a non-dimensional paramebéch was originally specified to
characterize the wake produced by objects, howiéwamn also be used to describe the jets produced
by the Reverse Karman Vortex Street [TriantafyllpuS., Triantafyllou, G.S., 1995]. Within this
range the vortices produced by the undulation effth and tail are arranged in such a pattern to

produce a jet of water which causes a thrust forhés range of optimum St numbers applies to many
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species of fish suggesting it is a major contritgifiactor to fish propulsion techniques [Triantadyl

G.S., et al, 1993]. The equation for calculatiothaf Strouhal number is shown in Equation (2.1)

fA
St=— 2.1
5 (2.1)

whereU is the swimming velocity (M9, f is the frequency of oscillation of the fin (Hz)daA is the
width of the wake (assumed to be same as the pep&ak deflection of the tail) (m). The Strouhal
number indicates how often vorticies are generatdte wake of the fish and how far apart they are
[Triantafyllou, M.S., Triantafyllou, G.S., 1995hdreasing Strouhal numbers indicate that the \astic

are spaced further apart and lower values inditatiethe vortices are spaced closer together.

The originalRoboTunawas 1.25 metres in length and was designed ast déd to investigate fish
like swimming [Barrettet al, 1999]. It has an external power supply and @ilizable pulleys and
tendon wires driven by motors to drive the tailtgsc [Techet,et al, 2003]. Both power and the
tendon wires are fed through a tether to a movabteage above the water. The tail assembly is
flooded and is made up of eight movable links sumd®d by a Lyrca and foam skin and all fins on

both versions of thRoboTunaare rigid.

The argument put forward for imitating a tuna retato its high cruising speed, good efficiency and
that it would fit in the MIT testing tanks [Triaritélou & Triantafyllou, 1995].

Although the main thrust of the work at MIT appetr$e aimed more at the hydrodynamic analysis
of fish like propulsion they have also carried eame interesting work on control systems for their
biomimetic vehicle. TheRoboTuna’scontrol system was developed from knowledge ofllatiog
foils, fish motion and an understanding of the kma¢ics of the tail section [Barretf al 1999]. A

GA was also used in the control system to seancthéoptimum swimming motion.

The secondRoboTunas described as an improved version of the “CeaRoboTunaA photograph

of the complete secoriRoboTunds shown in Figure 2.4.

Another vehicle developed at MIT, thRoboPike,was designed after the development of the first
RoboTunaand is 32 inches in length. A pike was chosemtitaie due to its good manoeuvrability
and high acceleration [Triantafylloat al, 2000]. Just like itRoboTunaelatives it uses a flooded hull

tail section however, it only has three segmentssitail. The number of tail
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Figure image has been removed due to Copyrightictisns

Figure 2.4: SeconBoboTungrototype [MIT RoboTuna Il Webpage, 2008]

segments was limited to three to allow the ovesiak of the vehicle to be kept to a minimum. Unlike

theRoboTunaheRoboPikes untethered and not mounted to a carriage atigwito swim freely.

One offshoot of the work on tHiRoboTunawas the vorticity controlled unmanned underwatdticle
(VCUUV) [Anderson & Chhabra, 2002]. The VCUUV waswtloped by the Draper laboratories on a
continuation of theRoboTunavehicle developed at MIT [Anderson & KerrebroclkQ9®]. The
VCUUV uses an experimentally optimized version be RoboTunaand was designed to be
autonomous and have an on-board power supply.dtdeaigned to be large enough to be fitted with
sensors and equipment to allow it to accompliskstand missions such as underwater surveillance.
The 2.4m VCUUV has a maximum speed of 1.25msd has a turning rate of up to 75 degrees per
second. A 4 segment flooded tail is used for theigiewith each segment actuated hydraulically
[Anderson & Chhabra, 2002]. However, papers on\li®JUV indicate that there are a number of
issues that have to be worked on before a fullyatfmmal vehicle can be produced, such as sigmifica
oscillation in pitch under certain conditions [Amsien & Chhabra, 2002]. Also, the vehicle does not

appear to be fully autonomous and only open losting has been accomplished so far.

Over the past few years there has been a resurgetice biomimetic work carried out at MIT, this
time by the Mechatronics Research Laboratory withia Department of Mechanical Engineering.
This work investigates using a body made from apl@nt material instead of using a segmented or
jointed tail with one servomotor for actuation [Ahado & Yousef-Toumi, 2006]. They indicate that
this approach is simpler and more robust than sualumethods for mechanical realization of a fish
tail. Their results indicate that although the sybtem cannot accurately represent the kinematias
real fish the performance obtained was around bivd that of a real fish for forward propulsion
[Alvarado & Youcef-Toumi, 2006]. The experimentatifor forward propulsion was carried out using
prototypes 0.3m in length mounted on a carriagertteasured thrust, velocity and the tail kinematics
[Alvarado & Yousef-Toumi, 2006]. Manoeuvrability ¢fie prototype was also investigated using a
tethered free swimming version of the prototype olwhiound it to have increased manoeuvrability
over a conventional underwater vehicle but was dotm be not as manoeuvrable as the VCUUV
[Mazumdar et al, 2008].
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Another very recent offshoot of tiRoboTunawork at MIT is the news that a former member @ th
team that worked on thRoboTunanow working for Boston Engineering is to developvarking

untethered prototype that proves the advantagdsedbiomimetic concept for naval applications [US
Navy SBIR Website, 2009], [Piotrowski, 2008; US Ma&BIR Website, 2009; Boston Engineering
Corporate Website, 2009]. News of this is perhapsstrongest indication that biomimetic propulsion
for underwater vehicles is starting to be considleae serious possibility for future underwater

applications.
2.4.3 University of Essex Robotic Fish

The Human Centred Robotics Research Group fromDigartment of Computing Science at the
University of Essex has been working on the devalm of robotic fish for many years now.
Whereas MIT focused on understanding the hydrodjmagffects of fish like swimming, the

University of Essex aim to develop a life like réilbdish capable of autonomous navigation [Liu &
Hu, 2005a]. The research is funded by the Londguatium and in late 2005 the robotic fish

prototypes were displayed to the public at the Bgoa

The researchers at the University of Essex haveldped a 3D Simulator to assist with predicting and
optimizing the performance of their robotic fishylet al,2004b]. The model and simulator describes
the kinematics of their fish in detail however de$ not give much information about the kinematics

related to the hydrodynamic aspects.

From their kinematic model they have developedrdrobsystem that allows the fish to accomplish a
series of manoeuvres similar to that of a real fish & Hu, 2004a]. Their experimentation indicates
that the performance achievable by the robot islasinto that obtainable by a real fish [Liat al,
2005a].

This work has led the development of many prototgi®ot fish which are split into several series,
including the G series and the MT series [laual 2005a]. Neither of these series appear to bedbase

on a specific species of fish; however they domése tropical fish.

The G series uses a “multi-motor-multi-joint” tatructure, with the latest version having four §sin
driven by four servo motors [Liwt al, 2005a). There appear to have been a numbepobfgmns with
this family, which mainly seem to stem from the o$ea flexible waterproof tail skin which deformed
under pressure at a certain water depth. With éferchation under pressure the volume of the robot

was altered and this lead to buoyancy issues.

To combat some of the difficulties in their G serigne Essex researchers moved to a different
mechanical construction using one motor to driveesa tail links [Liu, et al, 2005a]. This allowed
the motor and control electronics to be placed imagerproof hull and connected to the tail via a
waterproof housing with the tail itself open to thater. Through work on the MT series the Essex

researchers have experimented with different nadserfor the fins and the results of their
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experimentation indicates the use of a flexible ifinpreferable to a rigid fin. This is due to the
deformation of the flexible fin during the fin-watmteraction which produces a motion more closely
matched to a real fish [Liwt al, 2005a].

2.4.4 University of Washington

At the University of Washington, a number of firtated underwater vehicles have been developed.
The aim of this study is to investigate analytgabmetric methods for motion planning and contfol o

shape actuated mechanical systems operating undeethvironment [Morganseet al, 2007].

A number of hardware prototypes have been develépethis project, with the most recent being
made of two sealed compartments which house tlogretécs, control and fin actuation servo motors.
The tail is made of two links, actuated by two sap@servo motors, with a rigid hydrofoil attachied

the tail links to represent the caudal fin [Morgamet al, 2007].

The latest research to come out of this investgats coordinated swimming of three such fin

actuated vehicles [University of Washington, 2008].
2.4.5 PoTuna

The Pohang University of Science and Technologgdath Korea has developed a robotic fish based
on a tuna [Kim & Youm, 2004]. The biomimetic fiskas one motor to drive a two link tail and the
overall vehicle is 1m in length and weighs 25kgnk& Youm, 2004]. The information available on
this vehicle indicates that progress has been rimadeveloping a model for the system by modelling
the robot as a rigid body with an external profmuigiorce using the standard equations of motion for
marine vehicles [Kim & Youm, 2004]. The investigatiappears to be more simulation based with no

experimental results shown.

They have also carried out a simulation study teestigate the effects of different types of fish
swimming using the body and caudal fin (BCF) teghei [Kim & Youm 2005]. This particular type

of swimming is described in Chapter 2. Their sirtialaresults indicate that the angulliform mode is
more suited to quick turning motions and that thentiform mode is more suitable for sustained

propulsion.
2.4.6 Chinese Academy of Science & Peking Univerngit

The Institute of Automation at the Chinese AcadeofiyScience have developed a 4-link radio
controlled biomimetic robot fish with the aim ofw@doping preliminary motion control strategies that
utilize an external visual feedback for path plagniYu, et al, 2003]. The robot developed has a four
link tail actuated by four DC servomotors which gregrammed to oscillate in a similar fashion to
the undulatory motion of a fish. The speed of thbisle is altered by adjusting the tail oscillation
frequency and the direction is altered by adjustivegjoint deflections. Through experimentationhwit
their prototype they found a steady speed at wiiehrolling and yawing motion (i.e. recoil motias)

minimized [Yu,et al, 2003]. A Proportional — Integral control algoriths implemented to control the
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speed of the vehicle and a fuzzy logic controltar drientation control [Yuet al, 2003]. In order to
position accurately the vehicle at desired positidar the point to point control strategy they
developed a speed profile with four phases acdaaraconstant, deceleration and drift [Yet, al,
2003]. By implementing this they take into accotlm& optimum speed for minimizing recoil and also
account for the drift due to the momentum of thikiele in the fluid environment, thus allowing them

to position the robot at the desired position.

Experimentation was also carried out to investigéfferent propulsive wave amplitude coefficienis c
and ¢ [Yu & Wang, 2005] (see Chapter 4 for more detailhe work also investigates the
optimization of the link lengths and provides a noet for determining the optimum link length based
on the propulsive body wave and the number of lidlssexpected the results indicate that the greater
the number of links the better the representatioa meal fish [Yu & Wang, 2005]. This work also
involved developing a simplified propulsive model ¢stimate the performance of carrangiform

propulsion [Yu.et al, 2004].
2.5 Student Autonomous Underwater Challenge - Eurap (SAUC-E)

The continued research and development activitighirwthe field of AUVs has lead to the
organization of competitions aimed at students acetlemic institutions with the aim of designing
and developing AUVs to perform a specific missi@me of the aims of these competitions is to
increase interest in AUVs amongst students and rampte research within the field. AUV
competitions organized by the Association for UnmehVehicle Systems International (AUVSI) and
the US Navy Office of Naval Research (ONR) havenbesning in the US for over a decade. The
first European AUV competition, called the Studénitonomous Underwater Challenge — Europe,
was held in 2006 and was organized by DSTL [DSTI09R.

Objectives of the 2006 SAUC-E competition were ¢évalop an autonomous underwater vehicle that
could complete an underwater obstacle course &t &irse. Extra credit was given to the teams who

used readily available materials in an innovataghfon.

A small multi-disciplinary team of undergraduated grostgraduate students from the University of
Glasgow developed an entry for the 2006 SAUC-E agitipn based on a biomimetic approach. This
involved designing and constructing a vehicle basethe dimensions of a shark with a fish-tail like
biomimetic propulsion system. The vehicle hamed ghbmersible hybrid autonomous rover craft
(SHARC) was approximately 1.5m in length and usdive segment tail, with each segment being
actuated by a geared DC motor [Wattsal, 2006].

A picture of the SHARC vehicle is shown in Figur®.2At the 2006 competition the University of
Glasgow team had some success with an overalliposit 5" and an award for having ‘The Most

Challenging Design’ which came with a prize of £500
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Figure 2.5: University of Glasgow Entry to 2006 SBAE competition, the SHARC vehicle

2.6 Summary

This chapter has reviewed a number of topics relevta this investigation from underwater
technology currently in use such as ROVs and AUWsthe relatively recent development of
underwater glider technology. The field of biomiiostis described briefly with a number of
examples presented from across the field. The sison then focuses on biomimetic underwater

propulsion and the potential benefits and applicegithereof.

A description of several other projects involvingidies into fish propulsion using mechanical or
robotic fish are discussed including the developmoétheRoboTungby MIT and the early studies by
Mitsuibushi Heavy Industries. The description oégl projects includes details of the hardware
developed and information on any modeling and satnorh if available along with the important

research findings of these projects.

Finally there is a short discussion of the Studégntlerwater Challenge — Europe (SAUC-E) which
was a competition for students to design and barldAUV to undertake a specific mission. An

overview of the 2006 entry by the University of &aw team is described briefly.

The material discussed in this Chapter, particuléine sections on AUVs and other robotic fish
projects, were crucial to this project as they galeas, examples and inspiration to the development

of theRoboSalmomprototype vehicle.
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Chapter 3 — TheRoboSalmon

3.1 Introduction

The aim of this work was to investigate the projmmischaracteristics of an underwater vehicle with a
biomimetic propulsion system. Material coveredhia previous chapter on AUVs provides an insight
into the current uses of AUVs and shows how thdiegon of biomimetics may provide certain
benefits to underwater propulsion, in particulag firopulsion efficiencies. This chapter covers the
design and development of the prototgaboSalmotardware, covering the initial prototype and the
RoboSalmornv2.0 that has been used to obtain the experimeéatal. One of the aims of developing
the RoboSalmonvehicle is to investigate the propulsion efficiesc experimentally whereas the
development of the mathematical model of the vehipresented in the next chapter, is to better

understand the dynamics of the system.

However, before the hardware is discussed a nuwieievant aspects relating to fish biology and
propulsion are presented to give a general backgréa some of the concepts used in the design of
the RoboSalmorhardware. These include the some basic biologfysbf covering a number of the
terms used when describing the anatomy of fishawd@scription of the swimming modes used by

different species of fish.

The RoboSalmorvehicle, as the name implies, is modelled on theedsions and morphology of an
adult atlantic salmon. A general overview of tReboSalmorhardware is given starting with the
initial prototype with a discussion of the quaiitat data and observations obtained from the
experimentation with this prototype. THeoboSalmonV2.0 is then discussed starting with an
overview of the vehicle. One of the design methodigs used is to make the hardware modular to
allow for two tail systems, the tendon drive systand the propeller and rudder system, to be
investigated using a common body section. This combody section contains the sensors, control

and data logging systems that both systems refpriexperimentation.

The tail actuation systems are covered first stgrivith the tendon drive system. This biomimetic
system consists of a tail made from ten revoluitet jand uses one DC servo motor connected to two
tendon wires for actuation. Using the reciprocatioroof the servo motor the tail can be made tp fla
from side to side in a similar manner to a reah.fifhe propeller and rudder system is based on
conventional technology and was designed to allow & comparison to be made between the
biomimetic system and conventional system on ackelof similar size. A description of the hardware
used in the propeller and rudder system along thighmethod used for determining the appropriate

propeller to use within the experiment is also give
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There then follows a detailed description of theigle and function of each system, both electriodl a
mechanical, used in the body section of the vehithés section covers systems such as the control
microcontrollers, remote control, data logger amal ¢ontroller area network (CAN) communications

used.
3.2 Basic Biology of Fish

Throughout this thesis reference is made to martfi@biological and morphological features of fish
as well as various swimming modes used by diffespeties. The following sections aim to give an
introduction to fish biology and provide brief daptions of the biological terms used in relatian t
real fish. As this thesis is about mimicking fistvimming, the descriptions are limited to the
biological terms related to swimming as trying teegan overview of the entire field of fish biology

impossible in the space available.

A fish is a cold blooded, aquatic vertebra [Youh§62; Bone & Moore, 2008] and the field relating
to the study of fish is termeldhthyology[Moyle & Cech, 2004]. There are currently over @80

known species of fish identified to this day [Laude Madden, 2006], all of which have been
categorized by biologists in the standard way usiindpgical classification [Moyle & Cech, 2004].
The class of fish central to this investigatiorAiinopterygij or the ray finned fishs [Young, 1962].
The ray finned fish class is subdivided furthepititiree infraclasses and the one most relevaiigo t
investigation is thél'eleosteias this group contains roughly 96% of all livinghf species [Bone &

Moore, 2008], includingalmo Salagrthe atlantic salmon.
3.2.1 Fish Morphology

In order to understand how fish propel themselNesugh the water it is necessary to have an
understanding of the morphological features comioomost fish species. The diagram in Figure 3.1

shows the various fish features of interest fog thbject.

Figure image has been removed due to Copyrighticésns

Figure 3.1: Features of fish [Sfakiotakis, Lane &Jizs, 1999]

From the diagram in Figure 3.1 it can be seenfthlathave a number of different fins which can be

used for propulsion and manoeuvring. In many fighcges it is the caudal fin which produces the
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main forward thrust, with the pectoral fins beinged for low speed propulsion, manoeuvres and
diving [Lauder & Drucker, 2002].

3.2.2 Fish Fins

As shown in Figure 3.1 there are various typesrofifat appear on fish, all of which usually falto
two classes; fins which are along the body cemieetialled median fins and paired fins [Hoar &
Randall, 1978]. Fins play a very important parfish swimming as they allow for forward propulsion,
manoeuvring, hovering and braking [Videler, 1993he important feature of fish fins is that they are
not rigid control surfaces like aircraft wings arbsnarine dive planes, but are flexible structuhes t
can stiffen, bend and flex [Lauder & Drucker, 2Q08his flexibility allows for thrust production and
vectoring. This is one of the reasons for the gneenoeuvrability exhibited by fish while swimming
[Lauder & Drucker, 2006].

In active swimming it is thought that each typdinfhas a different use. This use also dependésen t
swimming mode, or gait, at that time. For examglgjng steady swimming a rainbow trout uses the
caudal fin for main forward propulsion and the peak fins are held swept back against the body. But
during manoeuvring the pectoral fins take on diffgrconfigurations. Figure 3.2 indicates some ef th
pectoral fin configurations for a rainbow trout @ndhree types of swimming behaviours [Lauder &
Drucker, 2004]. Other fins such as the dorsal amal fins are thought to provide stability while
swimming and the pelvic fins are used to assigh Wiaking and some manoeuvres [Moyle & Cech,
2004].

Figure image has been removed due to Copyrighticésns

Figure 3.2: Pectoral fin arrangements in rainbawttrThe grey colour shows the dorsal surface @f th
fin. The asterisk indicates the location of thenfrbn base shown by the dotted line [Lauder &
Drucker, 2004].

Fish fins are complicated structures made up oleskieelements wrapped in folds of skifideler,

1993] providing great flexibility. These skeletéments are callefin rayswhich can be seen as thin
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grey lines in Figure 3.3 Fin rays are attacheddoybelements shown in dark grey. The fins can be
classified as eitheshort basedr long baseddepending on the ratio of fin length to body ldndgin
dimensions parallel to the water flow is called ¢herd and dimensions perpendicular to the flow is
calledspan The fin base is the part where the fin is attddioethe body [Videler, 1993].

Figure image has been removed due to Copyrighticésns

Figure 3.3: Example of Fish Pectoral Fin [LaudeD#uicker. 2002]

One interesting aspect of the caudal fins of sastei$ that, as well as not being rigid, they clo a
vary their shape slightly over a tail beat cycle@ & Randall, 1978]. This enables the fin to viry
surface area exposed to the water flow and thuspulate the associated thrust produced during the

cycle.
3.2.3 Buoyancy

In the water environment fish not only control theiovements in the horizontal plane but also céntro
the depth at which they swim. Therefore, their bediave to counteract the buoyancy force generated
by the displacement of their bodies in order tommh depth. One way to accomplish this is to
becomeneutrally buoyantthis means their body weight is exactly the sa®mehe buoyancy force
acting on them. However, in practice this is difficto achieve due to changing water conditions.
Statically most fish species are slightly negagivielioyant [Lauder & Madden, 2006] so fish have
developed a number of strategies for depth cofitoyle & Cech, 2004].

One such strategy is the use odvaim bladderfMoyle & Cech, 2004]. A swim bladder is an organ
which can be used to store a certain volume ofthas, allowing accurate control of the buoyancy by
effectively altering the density of the fish. Anethstrategy for depth control is to angle the patto
fins to produce a lift force when the fish is in toa [Videler, 1993]. This is similar to the waydeir
submarines use their control surfaces to produoceca to facilitate depth control [Burcher & Rydlill
1994]. An example of this is the heteroceral taflssharks which produce such a downward force
when in motion [Chopra, 1974]. One other way fi&lgh as trout, counteract this is to swim in adilt

fashion at low speeds [Videler, 1993]. For exangtléow speeds when the lift force produced by the
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pectoral fins is small, the body is tilted so thexe@ component of force generated by the tail twhic
acts in the vertical direction to compensate feruhequal gravitational and buoyancy forces [Videle
1993]. In addition to dynamic depth control, fishvl evolved static anatomical features such as the
reduction of bone mass and the incorporation of d@msity compounds within the body to reduce

improve their weight/buoyancy ratio. [Moyle & Ce@Q04].
3.2.4 Stability

One other important aspect of any body in the umdtr environment is the body’s stability [Colgate
& Lynch, 2004]. For example if the body is neutydduoyant but it is not statically stable then when

the body is at rest it might tilt to one side ratti@n stay horizontal.

The stability of a body underwater is determinedHsy relative positions where the gravitational and
buoyancy force vectors act. These positions amddrthe centre of gravity (COG) and centre of
buoyancy (COB) [Tupper, 2004]. For the body to renat a constant depth the magnitudes of the
gravitational and buoyancy forces acting through €0G and COB respectively must be equal.
However, for the vehicle to be statically stable ®OG and the COB must coincide so there is not
rotational force moment produced. Ships and ottrer-made objects sometimes use the properties of
the COG and COB to provide a degree of roll stgbitf self righting [Fossen, 1995]. They
accomplish this by placing the COG below the COBhanbody’s z-axis whilst leaving the COG and
COB to coincide on the x and y axes. This caugesational rolling moment which restores the body

back to its horizontal position after any exteriaates have been removed.

Fish are however unusual in this respect as thegtatically unstable, their COG is above their COB
The literature on the subject indicates that migt 'when anaesthetized turn upside down due to the
relative locations of their COB and COG [Lauder &adilen, 2006; Sfakiotakis, Lane & Davies,
1999]. Therefore, when swimming fish must have saoneans of counteracting this instability in

order to propel themselves in the manner that tleefideler, 1993; Colgate & Lynch, 2004].
3.2.5 Propulsion Techniques & Classifications

Like many other animals fish move in a variety offelent ways depending on the situation
[Alexander, 2002; Hoar & Randall, 1978]. In orderdatch prey or avoid being prey fish can make
sharp turning manoeuvres or produce sudden bufséEaeleration. These movements are called
‘unsteady movementshd often only last for milliseconds [TriantafyloTriantafyllou & Yue, 2000].
They can also swim at a steady speed in a strianghto traverse large distances, referred tctsaty
swimming movement§Sfakiotakis, Lane & Davies, 1999]. Both types wiovement, steady and

unsteady are important, however, this thesis facusanly on steady manoeuvres.

Within the area of fish propulsion there are selvéifferent methods used by various aquatic species
to propel and manoeuvre themselves. For the typdssto related to this project the propulsion

techniques can be grouped into two broad categeriEsly and caudal fifBCF propulsion) and
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median and paired finfMPF propulsion) [Colgate & Lynch, 2004]. See Fig®3.1 for a diagram of
location and names of fish fins. The majority adhfispecies use BCF propulsion and it is this
swimming method that is investigated in this the3ike BCF swimming technique for forward
propulsion comprises passing a propulsive wavegabiength of their body. The propulsive wave
starts from the anterior of the body and travelsatals the caudal fin. It is thismdulatorymotion that

produces a net forward thrust [Videler, 1993].

Depending on where in the body the propulsive wsggs to appear (i.e. how much of the propulsive
wave is visible), BCF fish species can be furthdr-divided [Moyle & Cech, 2004] intangulliform,
sub-carrangiform carrangiform thunniformand ostriform Figure 3.4 shows the various swimming
modes and Table 3.1 shows the characteristics o &gpe of BCF swimmer and gives some

examples of each mode.

Figure image has been removed due to Copyrighticésns

Figure 3.4: BCF Swimming Modes [Modified from Hd&aRandall, 1978]
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Table 3.1: BCF Swimming Sub-Categories [Moyle & B,e2004]

N Wavelength
Swimming . Example -
Mode Visible in Species Characteristics
body/tail ()
Angulliform >1 Eel Highly manoeuvrable, slow, can
swim backwards
Sub- 05-1 Salmon, Trout Versatile swimmers
Carrangiform
Carrangiform <0.5 Jacks Fast, less manoeuvrable
Thunniform Caudal peduncle Tuna Fastestusiformbody, lunate tail
and caudal fin Only
Ostriform Oscillating Caudal Boxfish Slow
Fin Only

The arrows in Figure 3.4 indicate the relative abtaristics of each swimming mod&ygulliformis
the most manoeuvrable and the manoeuvrability efotitier swimming modes decreases towards the
right. Thunniformis the fastest swimming mode and the speed obtiier modes decreases towards

the left. This indicates a naturally evolved tradiebetween speed and manoeuvrability.

Thunniform and ostraciform swimmers are slightly different from the other swiing modes.
Thunniformfish are the fastest swimmers and have well strieachl low drag bodies (referred to as
fusiformin shape) [Moyle & Cech, 2004]. They swim by uratirlg their narrow caudal peduncle and
possess a lardanate caudal fin.Not shown in Figure 3.4, but included in Table &r& Ostraciform
swimmers, they only oscillate their caudal fin tmguce forward motion [Sfakiotakis, Lane, &
Davies, 1999]. With all the swimming modes, exdeptostraciformswimming, the amplitude of the

propulsive wave usually increases toward the piostef the fish [Videler, 1993].

For this project, the swimming type selected tcestigate are sub-carrangiform. The reasons for this
are that this mode falls within the middle of tdraming characteristics illustrated in Figure 34.i
this mode is manoeuvrable and reasonably fast.c&uingiform form is also the swimming type
used by Atlantic Salmon [Hoar & Randall, 1978].

3.3 RoboSalmon Hardware

The following sections present the work on the tigyment of theRoboSalmomrototype hardware
starting with the initial prototype, calledoboSalmonv1.0, then moving ontdkoboSalmoriv2.0

which was the vehicle used to obtain the experiaigrsults presented in Chapters 5 and 6.
3.3.1RoboSalmon V1.0 Prototype

The first vehicle to be constructed for this prbjased a legacy ten segment tail from a previous
project attached to a newly developed body seciwhnew control electronics. As this was the first

attempt to design and build a custom biomimetib-hike vehicle for this project the prototype had
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many limitations and reliability issues which prated the gathering of any meaningful quantitative

experimental data. A photograph of this prototygshown in Figure 3.5.

Figure 3.5RoboSalmov1.0 initial prototype vehicle

However, experimental trials did show that the tendrive system did provide a forward surge force
and offsetting the tail did allow the vehicle targaout slow speed manoeuvring. It also highlighted
number of aspects of this propulsion technique viwere unexpected such as the amount of recoll
motion present in yaw and roll. It was decided thi warranted more detailed investigation wité th
next prototype. A number of practical and desigués were noted during experimentation with this
prototype. The three main issues were the watéitrtgss of the flexible tail system, the ease of
dismantling and the feedback from the vehicle. Tiethod used to seal the flexible tail led to
significant leaks during operation which limitecttime the vehicle could be in the water. Due ® th
water ingress the vehicle had to be dismantled aftery run to dry it out, however due to the desig
this was a difficult and time consuming task. Hinathere was no feedback from the vehicle to
indicate whether or not a command had been receiaddprocessed so it was difficult to determine

quickly the source of errors when the vehicle ditifanction as expected.

Therefore, the time spent developing this prototype been useful as many valuable lessons about the
design and construction of biomimetic vehicles hia@en learned which were then incorporated in the
design of the next generation vehicle.

3.3.2RoboSalmon V2.0

The main aim with the design of tiRoboSalmonv/2.0 has been to develop a low cost, reliable and
easy to use vehicle which would be a platform fovalvarious experiments to be carried out to
determine the effectiveness of biomimetic propulssystems. To this end, using the experience of
building the firstRoboSalmorand the requirements of the project, ReboSalmorv2.0 has been
designed and constructed. A photograph oRbboSalmoiv2.0 is shown in Figure 3.6.
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As the aim of the project is to investigate differéail actuation schemes for biomimetic propulsion
the experimentaRoboSalmorhardware has been designed to be modular soakvo multiple tail
systems to be attached to a common body. Adopthisgapproach has reduced costs and construction
time as only one body section would be neededHerproject and different tail sections could be
attached as and when completed. It also allowsdsy expansion for future investigations out with
the scope of this project.

The RoboSalmorv2.0 vehicle is 0.85m in length, weighs 4.88kg asdnodelled on the relative
dimensions of an adult atlantic salmon. The vehigleplit into two sectionghe bodywhich contains
the sensors, batteries and various other systedtheuail which is used for propulsion.

Figure 3.6:RoboSalmoi2.0 vehicle with Tendon drive tail attached

The body section is constructed using a rigid ahimm frame onto which the housings for the

electronics are fixed. Three waterproof enclosamesavailable for the electronics within the body,

two on the main body and one small enclosure ldcateéhe head. This arrangement is illustrated in
the photograph shown in Figure 3.7. The body secisodesigned to be flooded so as to make
ballasting the vehicle for correct trim as simptemssible. Thin shaped sections, constructed from
fibreglass, are secured around the body sectigiveothe vehicle the shape and appearance of a fish
Shaped styrofoam was attached around the headrséatpive the appearance of a fish head instead

of fibreglass due to buoyancy requirements anédace the load on the head servo.
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Figure 3.7: Photograph of body sectiorRafboSalmorv2.0 with shaped fibreglass body sections

removed.

In addition the body section also houses two systéon assist with the investigation into the
swimming characteristics of the vehicle; two serwasich operate together and have rigid fins
connected which are intended to act as dive plamabBow the vehicle to alter its depth, and onese

which actuates the head of the vehicle allowirtg turn from side to side with respect to the body.

The main cause of the reliability issues with thididl RoboSalmomrototype has been with respect to
the methods used to waterproof the vehicle. Frarettperience of working with the initial prototype
water leaking into sensitive areas of ReboSalmormausing a number of problems, not just electrical
short circuits. As soon as significant amounts afew leak into the hull the buoyancy and trim & th
vehicle is altered, this is usually fairly easynmtice and is one way to determine if there isak.le
One other problem is that any metal within the lsolirodes if it is not designed for use underwater.
This includes some machine screws and bolts as agelllectronic components and printed circuit

boards.

To provide another layer of protection for the ethcircuit boards and electric components theyewer
given a coating of special waterproof lacquer. Albe PCBs are, where possible, mounted towards
the top of the hull boxes so that if a leak doesuothen it would be some time before water comes
into contact with the circuit board.

3.3.3 Tail Propulsion Systems

This project involved developing two tail propulsisystems, the first was the biomimetic tendon
drive system. The second system was a propulsistersybased on a conventional propeller and
rudder system. Experimentation with both systemslavallow for a comparison to be made between
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a biomimetic propulsion system and a more conveatisystem. The design, mechanics and control

electronics of each actuation system is discusséukifollowing sections.
3.3.3.1 Tendon Drive System

The first tail actuation system to be developedii@RoboSalmoiv2.0 was the tendon drive system.
This system has utilised some components fromethéan drive tail from the initial prototype butas
significant improvement over the initial design.eThasis for this design is a similar concept to the
spine found on living fish i.e. many joints actuht®y the contraction and expansion of the musates o
either side of the spine [Young, 1962].

This tail section is made up of a central spine masing ten plastic joints. Oval shaped rib sedion
made of thin PVC sheet are attached to the spingdade the required external shape of the tail.
Two tendon wires, which are attached to the frontt ef the caudal fin, run along each side of the
spine and are connected to the arms of a DC seotornit is the reciprocal motion of the arms of
servo motor that pulls the tendon wires causingtdileco move. This pulling motion is designed to
emulate the muscle contraction in a real salmdnltatotal the tail system occupies just undeff bél
the overall length of the vehicle; therefore it dam thought to approximate trsib-carangiform

swimming mode.

This design of tail has been adopted because itiggs a simple and cost effective method of
realising fish like propulsion. By using a singl®tor and tendons the complexity of the control and

electronic systems is reduced. Figure 3.8 showwtograph of the bare tendon drive system.

Figure 3.8: Tendon drive tail assembly

The tendon drive tail is actuated using a Hitec 3685 Digital Servo [Hitec RCD, 2007]. The tail
control system consists of a PIC 18F2480 8-bit auontroller [Microchip, 2008] programmed in the
C language and a Pololu Micro Servo Control BoaRblglu, 2005]. A single turn rotary
potentiometer is attached to the output shaft efsérvo to give the servo shaft positional infororat
This information is useful as it can be used teedeine the actual rotational position of the servo
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motor output shaft as the servo itself providesfemdback on whether it has reached the desired
commanded position. The information can also bfeiftiated numerically to obtain an estimate of
the rotational speed of the output shaft. When ithiational velocity is scaled up by the gear ratio

used in the servo an estimate of the actual DC nspied can be also obtained.

The tail control system receives tail commands dlier CAN bus. These commands consist of the
desired tail beat frequency, tail amplitude antd#set for manoeuvring. The microcontroller ireth
tail system translates these commands to the esjgarvo position using a look-up table and outputs
serial commands to the servo control board whigleatly controls the servo. The look-up table
contains 20 values corresponding to a sinusoidsaitfon. In order to alter the amplitude of the th#é
numerical sine values stored in the look-up talbéeszaled up or down accordingly and to alter the
beat frequency the rate at which the positionalroamds are sent to the servo controller is increased
or decreased. To offset the tail for turning, astant value is either added or subtracted to theegsa

in the look-up table. This addition and subtracdfectively makes the tail flap more to one sialant

the other which facilitates turning measurementsnfthe potentiometer are taken using the 10-bit

analog-to-digital converter on the microcontrobed sent out onto the CAN bus.

To waterproof the tendon tail assembly a bespoikeskan has been manufactured from liquid latex
coated onto a thin nylon base material. This skifheixible enough not to restrict the motion of thi
too severely whilst maintaining a waterproof batrighe elastic nature of the skin also assists thigh
tail motion by providing a degree of restoring fruring motion. The tail skin is sealed to theybod

by means of a compression fit between two pladtitep.

A moulded plastic caudal peduncle assembly is latthover the tail skin at the rear of the tail. An
illustration of this can be seen in Figure 3.9.tlis assembly numerous caudal fins of differingsiz

and materials can be attached to allow for futupegmentation.
3.3.3.2 Caudal Fin

For the biomimetic tail actuation system a cautebftached to the posterior of the tail is requime
order to closely mimic a Salmon. Three main factoase to be considered when selecting a fin;

shape, size and material.

35



(@) (b)

Figure 3.9: (a) Caudal Fin used on tendon drivetapulsion system (b) Caudal fin from real atlant

salmon for comparison [Photo provided by G. Dauphin

A number of previous studies on the shape of fims Underwater propulsion applications have
indicated that a shape close to that of real Bstptimal for developing maximum thrust [Yamamoto,
et al, 1995]. Therefore, the shape of the fin has bexsigded to be as close to the caudal fin shape of
a real salmon as possible. The size of the caumlas then scaled from the measurements obtained

from a real salmon to the dimensions of R@boSalmoivehicle.

The last parameter required is the material frontiwvito make the caudal fin. The first material that
has been investigated is 1mm thick rigid PVC shieetyever, initial water tests with this caudal fin
produced a load in the tendon drive system whiclsed the steel tendon wires to break. This is then
replaced with a flexible fin of identical dimensgomade from flexible plastic. During initial tesgin
this fin has been found to provide a surge fordhavit creating an excessive load for the servo moto
in the tendon drive system. This decision is suigabby the literature available on fish fins [Vieel
1994; Lauder, & Madden, 2006] which indicate thiahffins are flexible and that a flexible fin
produces more thrust than a rigid fin [Yamametioal, 1995].

3.3.3.3 Propeller and Rudder System

Development of a tail with a propeller for propuolsiand a rudder for manoeuvring allows a
comparison to be made between conventional undenwabpulsion systems and biomimetic fish-tail

systems.
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Figure 3.10: Propeller and rudder tail actuatiostem

The propeller and rudder tail system has been deditp be as similar as possible to the shapeeof th
tendon drive tail and match the existing hull stiwe. The motor used to drive the propeller is aAMF
Comodrills RE540/1 DC motor with a MFA 919D 10:1duvetion gear box attached [MFA
ComoDrills, 2008]. The speed of the output shdftthee gear box is measured and the values
transmitted on the CAN bus for logging. This spaeshsurement is achieved by means of an infrared

sensor and a small segmented black and white tissthad to the output shaft of the gearbox.

The task of selecting an optimum propeller for gggtem is complex as indicated by the literature
available on the subject [Burcher & Rydill, 1994)pper, 2004]. Even if an optimum propeller could
be designed, manufacturing such a propeller woeldripossible with the resources available for this
project. The decision has been made to select ebeumf commercially availableff the shelf
propellers designed for marine modelling applicgaiand to evaluate the performance of each one in
this system. Four propellers have been considereth¥estigation; a 3 blade 35mm diameter brass
prop, a 6 blade 35mm diameter brass prop, a 3 [l@aen brass prop, a 4 blade 50mm brass prop and
a 6 blade high speed 70mm prop. These propellershenwn in Figure 3.11.

Figure 3.11: Propellers evaluated for prop taiteys (a) 35mm 3 blade brass (b) 35mm 6 blade brass
(c) 50mm 3 blade brass (d) 50mm 4 blade brass i§&de 60mm plastic (f) 6 blade 70mm brass

Each propeller shown in Figure 3.11 has been etedua a bollard pull test to determine how each
propeller compared in terms of thrust, rotatiorelbeity and current draw. Results for the bollantl p
experiments are presented in Appendix A.2. The gltepselected for the experimental trails was the
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3 blade 50mm brass propeller. This was due tohthest produced which was similar in magnitude to
the theoretical thrust produced by the tendon dgystem. Using this propeller would allow a

comparison to be made between the two propulsistesys over a similar range of velocities.

The rotational velocity of the propeller is measuderring operation using a photodiode and black and
white segmented disc attached to the output mdtaft svhich drives the propeller directly. As the
shaft rotates with the segmented disc attachegtb®diode outputs a logic one or zero depending on
the particular colour of the segment currently présd to the photodiode. This produces a train of
pulses whose period is proportional to the rotaficspeed of the output shaft and propeller. The
microcontroller in the tail performs this calcutatiand outputs this value onto the CAN bus.

The rudder has dimensions 70mm in height by 35mtarigth and is a standard plastic rudder with a
tiller arm which has been designed for use in mstads. The tiller arm end points are attachedhéo t
arms of a Hitec HS-311 servo motor [Hitec RCD, 20@hich is connected to a Pololu Serial
Controller [Pololu, 2005]. A photograph of the cdatpd propeller and rudder assembly is shown in
Figure 3.12.

Figure 3.12: Photograph of completed propellerranider tail assembly

3.3.4 Body Section

The common body section, onto which each tail abseattaches, is comprised of three housings for
the electronic systems. For the purposes of dismuskese boxes have been termed the upper body
enclosure, lower body enclosure and the head amelo$he enclosures used are plastic ABS boxes
with a rating of IP65 [Rapid Electronics, 2008].€Be enclosures are not ideal as a rating of IP68
would have been more suitable to underwater usé¢ [BE®2]. However the expense and size of the
available 1P68 enclosures prohibited their use iwithis project. A number of additional sealing
measures were taken to modify the IP65 boxes fdemmater use which included replacing the gasket

seals with o-rings and coating the joins of thd@sre in vaseline to prevent water ingress.

A complete systems diagram, which includes allsystem interconnects and system locations, for the
RoboSalmons shown in Figure 3.13 and a photograph of theylsection of thdRoboSalmorwith
the shaped fibreglass body covers removed is shoWwigure 3.7.
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Figure 3.13RoboSalmoiv2.0 Sub-System Interconnection, shown with tendiove tail attached

The systems diagram shown in Figure 3.13 highlighesdistributed nature of the systems within the
RoboSalmorand shows physically where each system is locatelrief overview of the systems
located within each enclosure is included nextl Eutuit schematics and Printed Circuit Board

(PCB) layouts for each system are shown in AppeAdix
Head Enclosure

Within the head enclosure is located the head remitk radio frequency communications. This
comprises a PIC18F2480 microcontroller [Microct2007] to act as a CAN node (i.e. deal with all
CAN communications) and to receive commands fromRE data link which is made up of a RF600
Encryption IC [RF Solutions Ltd, 2004] and a 433MRE receiver.

Upper Body Enclosure

The central PIC located within the upper body esiste performs a number of vital tasks — firstly it

collects the data from the MEMs IMU components @beelerometer and the rate gyros), processes it
and then sends it to the data logger for storabies FIC is also connected to the CAN bus so that it
can receive messages from the distributed sermash,as the depth gauge and the tail position senso
and pass this to the data logger. Also locatedinvitie upper body enclosure are the warning buzzer

and the power system that consists of a custorarggitick and a current sense circuit.
Lower Body Enclosure
Within the lower body enclosure there is anoth€&Z 182480 acting as a CAN node which receives

commands via the CAN bus for the fin and head ositand outputs serial commands to the servo
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controller. This PIC also takes readings from thptld gauge and transmits them on the CAN bus at

regular intervals.
Tail

Located within the tail is the actuation system tloe tendon drive tail system or the propeller and

rudder based system. Both of these systems wemesdisd in the previous sections.
3.3.4.1 Central PIC

The central PIC microcontroller, located in the Bp@Body Enclosure, has a number crucial of
functions it has to perform. Firstly, it has to uteanalogue to digital converter to sample althef
analogue outputs of the Inertial Measurement Umit power system. It then communicates these to

the FLASH Memory of the data logger via a Seriaifteral Interface bus.

Another function this processor performs is to oard 5V buzzer located in the upper body box. The
buzzer is used as a means to alert the vehiclatmpehat certain events have occurred. For example
when theRoboSalmoris powered up the buzzer produces three shorzdsiin quick succession to
indicate a successful power up sequence. The reeslth a means of indication became apparent
during the experimentation using the initial prgpe as it is difficult to determine which tail

command had been selected.

The PIC microcontroller selected for this role isdsPIC30F4013 and features a 16-bit core, 13
channel, 12-bit analogue to digital converter d@adnbuilt CAN and SPI modules. This particular PIC
microcontroller was selected for this task was beeats processing power and peripheral featuees ar
ideally suited for the central control tasks. Hwe experimental trials conducted this processortbad
carry out the functions described above. Howeveras not fully utilized by these tasks and could
therefore be used to implement other control algors or functions required in future experimental

trials.
3.3.4.2 Data Logger

For sensor data from tiRobosalmorvehicle systems to be of any use it has to bedtorerder to be
analysed post experiment. The initial idea to recdkie sensor readings has been to have a telemetry
link with the vehicle transmitting the data backat@womputer. However, there are difficulties using
radio frequency transmissions underwater as cert@mmonly used frequencies severely are
attenuated making them unusable [Vasilestual, 2005]. Therefore, it has been decided that all
sensor readings should be logged onboard the eethicing experimental runs and then be able to be
downloaded once th&kobosalmonvehicle has been recovered. A total of 16 onbosedsor
readings/parameters are logged. These parametersudined in Table 3.2 along with the relevant
details of each sensor reading such as the desax:for the measurement, range of the sensor and th

source of the sensor reading. The source of theosdndicates whether the sensor is connected
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directly to the analogue to digital converterstod tlata logger or if the data is received via tR&C

bus.

Table 3.2: Data Logger sensor parameters

Accura
Parameter Device Supply Voltage Range & Source
V) (% FS)
X Acceleration MMA72600QT 3.3V +1.5¢ +1.0% ADC
Y Acceleration MMA7260QT 3.3V +1.5¢ +1.0% ADC
Z Acceleration MMA7260QT 3.3V +1.5¢ +1.0% ADC
Roll Angular Velocity IDG-300 3.3V +500's +<1.0% ADC
Pitch angular velocity IDG-300 3.3V +500's +<1.0% ADC
Yaw angular velocity | ADXRS300 5V +300/s #0.1% ADC
Single Gyro -40° to
Temperature ADXRS300 5V +85° - ADC
Single Gyro Reference  \ v ps3gg 5V 2.5V i ADC
Voltage
Dual Gyro Reference | 56 309 3.3V 1.23V - ADC
Voltage
, 20kPato o
Pressure sensor reading MPX4250A - >50kPa +1.5% CAN
Tail Potentiometer
reading (tendon drive | Potentiometer
system) / Motor shaft /optical - +180/ 15.0% CAN
RPM (prop/rudder encoder
system)
Battery Voltage Po_tc_enual 5V 0-18Vv +1.0% ADC
Divider
Propulsion System Currer_lt sense 5\ 0-6A +1.0% ADC
current resistor
Body System current Cugen_t Sense 5V 0-6A 11.0% ADC
esistor
Head Position - - +22.58 - CAN
Fins Position - - 45 - CAN

An investigation has been conducted to ascertaigthven there are any commercially available data
loggers that were within budget, fitted within tepace available and could log data at the rates
required. Unfortunately, none could be found saustam data logger has been developed using a
Spansion S25FL128A 128Mbit serial FLASH memory Epénsion, 2008] connected via the serial
peripheral interface (SPI) to the dsPIC20F4013 [btibip, 2008]. This device provides storage for 16
Mbytes of data, and for this application; logging darameter values, two bytes in length at 10ms
intervals, provides logging for just over 87 mirsuteorth of run time. The serial FLASH IC is
controlled by firmware on the central dsPIC. Thisqessor controls all read/write commands to the

device and implements all the relevant timings.

The rate at which the data is sampled and stor&d08lz, i.e. all 16 parameters logged every 10ms.
This sampling rate will be sufficient to capture tlequired signals without aliasing as the dynamics

the vehicle will not change faster then a few Helftae to the Nyquist-Shannon sampling theorem if
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the signals are sampled at 100Hz, frequencies td 80 Hz can be adequately represented [Stremler,
1992]. The maximum speed at which data can beenrtb the Serial FLASH as quoted in the device
data sheet is 50 MHz but in practice the maximureedpthat could be used to ensure reliable
transmission is 78 kHz. This is due to the noisyiremment, lack of shielding and the layout of the
printed circuit board. At this speed the transnoissf data to the memory takes around 3.3 ms and th
maximum time taken for the device to write to itsmory is 3 ms. Adding to this the 3.45ms taken by
the processor to complete the operation, the maxitmme required to sample and store all 16 sensor
readings/parameters is 9.75 ms. This maximum tiagebeen rounded up to 10ms to give some extra
time in case of a delay such as an interrupt oomuriJnfortunately, this sample rate is slower than
desired as it was hoped to reduce the samplingvaitéo around 1ms which would be a similar time

step to that used by the MATLAB simulation of RReboSalmorehicle.

The data logger system can be controlled via th& @®As using three simple commands; one for
erase memoryone tostart loggingand one testart a download of the flash memory contelithen

the download command is received the dsPIC reagsnmory contents in 256 byte pages, it then
converts each 2 byte integer parameter value &SIl value and transmits it via the USART. By
converting the raw binary values into ASCII theadain be read in through a standard computer
RS232 serial port, using a level shifter to contleet 5V USART signals to the RS232 standard. This
ASCII data can then be stored as a text file inartgd into Microsoft excel or MATLAB for post

processing and analysis.
3.3.4.3 Inertial Measurement Unit

In order to evaluate the performance of ReboSalmoivehicle a method of measuring is motion in
the six degrees of freedom is required. The appsrased for this in commercial and military
applications is an inertial measurement unit (IMThis device measures the body-fixed accelerations
and rotations of a vehicle onto which they are ntednand by using a combination of these

measurements is able to determine the positiohadfehicle [Titterton, & Weston, 1997].

Off the shelf IMUs are commercially available buk &ar out with the budget of this project.

Therefore, a cheaper solution has been developed) MEMs accelerometers and gyroscopes.
MEMs, or micro-electro-mechanical structures, tetbgy has been a rapidly growing area since the
1980s and deals with making small electromechaniegices on a similar scale and using a similar

manufacturing process to conventional integrateclits [Sze, 2002].

The accelerometer selected for use in RaboSalmoris the Freescale MMA7260QT [Freescale
Semiconductor, 2008] mounted on an evaluation bpasgided by Sparkfun Electronics [Sparkfun
Electronics, 2008]. The advantages of using thiglecometer are that it is a single chip solutiwet t
measures accelerations in the x, y and z axesastbhr sensitivity selections between 1.5g — 6g. F
use in theRoboSalmorthe sensitivity has been fixed at +1.5¢g as itrikkely that the vehicle would

experience accelerations greater than this andéftiisig would also produce the maximum resolution.
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Initially it was hoped that the acceleration regdifirom the accelerometer could be integrated twice
to give the displacements but after some experiatiemnt it was found that the accumulated error was
too great due to the drift of the sensors. Eveer atfew seconds the error was in the order of isiete
Therefore, equipment external to the vehicle wooédused to measure the linear velocities and
displacements. However, when stationary the 3 axt&lerometer can be used as an inclinometer to
measure the static roll and pitch angles [Tuck,7200his initial value for roll and pitch can beaas

as the initial set point for roll and pitch whichiivibe updated by the integrating the rate gyralnegs.

Details on the IMU sensor data and associated @ad#a fusion is presented in Chapter 4.

The rate gyros selected for tf®boSalmorvehicle is an InvenSense IDG-300 a dual axis gyro
[InvenSense, 2008] mounted on a evaluation boawdiged by Sparkfun Electronics and an Analog
Devices ADXRS300 single axis MEMS gyro evaluationaful [Analog Devices, 2004]. The
combination of these gyros has been selected dtieetepace restrictions within the vehicle, ideally
three of the same gyros or a triple axis gyro cdugldised. The dual axis gyro is positioned to nmeasu
the roll and pitch angular velocities and the sngkis gyro is used to measure the yaw angular

velocity.
3.3.4.4 CAN Communications

One of the vital aspects of the vehicle which dyesimplifies the implementation of the distributed
systems and modular concept of the vehicle is #ee af the Controller Area Network (CAN) for
robust and reliable intersystem communication. TA& protocol, developed by Bosch in the 1980s,
was originally designed for automotive applicati@ssa robust and reliable communications protocol
for the harsh environments found in cars [Pazu9l9However, over the past decade CAN has been
implemented in many other areas such as indusititdmation and medical equipment [lbrahim,
2008]. It is also recommended by organisationsdeatlop AUVS, one such organisation is MBARI,
who advocate that CAN is an ideal protocol for reiming timing synchronisation between various
onboard systems [Kirkwood, 2007].

CAN is a message based protocol rather than aresslthased protocol, this means that every node
connected to the bus receives every message éndptto the individual nodes to decide whether to

accept the message or not [Pazul, 1999].

Some of the robustness of the CAN protocol is dubé physical layer implementation which utilizes
two wires to transmit a differential voltage sigt@alepresent the message [Richards, 2002]. Bygdoin
this any electrical radiated noise from nearby @osources, such as DC motors, appears

simultaneously on both wires and is effectivelyaaied out.

The implementation of a CAN bus around BeboSalmomas proven to be invaluable for the simple
interconnection of all the distributed systems arbthe vehicle. Implementation has also minimized
the amount of wiring required and also allows digant scope for modifications and upgrades. The

CAN hardware is implemented using the CAN module RI€18F2480 in conjunction with a
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MCP2551 physical layer transceiver to connect ® bias. The CAN bus within thRoboSalmon

operates at a speed of 125kbits/sec and usesatiaasti message identifiers for communications.
3.3.4.5 Remote Control

One of the main improvements of the final vehiclerathe initial prototype is the implementationeof
Radio Frequency (RF) remote control. The remotetrobmas a number of functions; to control
various parameters of the vehicle using the comtimtated on the top of the enclosure, to transmit
serial commands received from the PC running threesponding custom MATLAB graphical user
interface (GUI), and finally to directly connect tbe RoboSalmorvehicle through the umbilical
connection to allow for retrieval of the logged sen data and access to the CAN bus for
troubleshooting.

Radio Frequency

The RF modules used for transmission and recepaien RF Solutions 434MHz T5 and R5
respectively. From experimentation it was found tih@se modules could penetrate to a depth of a
few cm in water which was all that was requireckally a module that used a lower frequency for
transmission and reception would have been usedsbilitese modules are difficult to source the more
readily available modules have been used. As wgdibaexperimental runs, the remote control proved
to be invaluable during bench development andrigsth photograph of the remote control is shown
in Figure 3.14.

Figure 3.14: RF Remote Control Handset

As can be seen from the photograph of the remaigaan Figure 3.14 there are a number of control
knobs and switches located on the top of the remotgrol box. At the top left is the on/off toggle
switch which disconnects the remote control elest®from the 9V battery within the enclosure. The
toggle switch next to the power switch allows tkenote control to switch between commands sent
from the MATLAB GUI (discussed in the following g@m) or the hardwired controls mounted on the

box. The control knobs below the toggle switchdésvwathe head and fin positions to be varied when
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the remote control is set to ‘RC’. To the righttbé knobs are four red push buttons which allow for
commands to be sent to tReboSalmorno produce forward motion (FW), faster forward maot(FW
FAST), to turn to the left (LEFT) and to turn riglfRIGHT). Again, these push buttons are only active
when the toggle switch is set to ‘RC’.

MATLAB Graphical User Interface

The remote control hardware shown in Figure 3.1% lma connected to a PC via a standard RS232
serial port. A custom GUI developed in MATLAB isagsto send commands via the computers serial
port to the remote control handset. The GUI, showhigure 3.15, contains a number of buttons and
slider bars that mirror the commands that can Io¢ gsing the hardwired buttons. This allows the
RoboSalmorvehicle to carry out basic movements such as iit@pghe tail at two different beat
frequencies for forward motion, two tail offsets tarning to the left and right. The GUI also allew

for control of individual position for each fin atlde head using the slider bars shown.

<} | <Student Version> : RoboSalmonPC

RoboSalmon V2.0 Center Head Buzzer
Remote Control Interface Head | o
Luly 2008 5 | | : ; |
IProgram 1 IProgram 11][Program 21‘
Left Right
[Program 2 ’Program 12“Program 22]
Fins lProgram 3 IProgram 13"Program 23‘
il Fwd Fast
[Program 4 |Program 14][Program 24]
L g IProgram 5 |Program 15‘[Program 25]
Forward
IProgram & |Program 16"Program 21‘
[ Program 7 |Program 1?[Program 22]
Left Fast Left Stop Right Right Fast
Program 8 |Program 18"Program 23]
IProgram 9 Program 19][Program 24]
= = Tail Offset Calibration [Program 10’Program ZIJHProgram 25]
Fenter Fine ‘ i
Left Right

Figure 3.15: MATLAB GUI for control oRoboSalmomver RF remote control

A button is present that controls of the buzzeated within the vehicle. This is particularly ugdef

for initial testing of the operation of the rematntrol and RF link after power on.

One other useful function of the GUI and remoteticains that it enables the tail centre positiorb&o
adjusted in order to calibrate the tail before esehof experimental trails if necessary. Thisseful

as there could be variations in the tail centratijpssover the course of the experimental traileeT
variation was due to several factors such as eifetensions in the tendon wires and slight
differences in the positioning of the flexible takin. Variations in the tendon wires were causgd b
factors such as tendon wear and tail maintenanean e tendon wires were removed. Tail skin
variations were caused because at the end of egcbf@xperimentation the tail skin was removed to
check for water leakage and when the skin was cegldahere would be slight differences in its

positioning.
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As well as the commands for basic movements thetermontrol handset is the main method of
sending the program commands to B@boSalmorvehicle using a number of buttons on the right
hand side of the GUI, shown as buttons labefeajram 1to Program 25 These program commands

are combinations of preset commands. For examplgrgm 1 is forward for 25 seconds at a tail beat
frequency of 0.61Hz and beat amplitude of 0.105nmceD a program button is pushed the
corresponding series of commands is sent toRbleoSalmonWhen the command is received the
vehicle will buzz a number of times correspondingtte number of the program selected e.g. for

program 5 there will be five buzzes to indicate tha command had been received correctly.
3.3.4.6 Umbilical Connection

In order to retrieve the logged data from fReboSalmorthe remote control handset is fitted with a
short umbilical cable. This cable utilises a Bulti®8 inline connector [Bulgin, 2007] which conreect
to the vehicle once it is out of the water to allfaw retrieval of the logged sensor data storethen
data logger. The cable has four wires; two for @&N bus, one for USART Transmit and battery
ground. The commands to read the data stored idatselogger are sent via CAN and the data is sent
to the PC via the remote control handset wherd X BART signal is level shifted to RS-232 voltage

levels to be compatible with the serial port on Pt
3.3.4.7 Pectoral Fins

In order for the vehicle to move in a 3D environtnarmeans of altering the depth of the vehicle is
required. To this end a simple system that utilfsestructures as hydroplanes or dive planes éslus
[Burcher, & Rydill, 1994].

This system operates on a similar principle to tfagircraft wings; as the vehicle moves forward,
water flows above and below the angled fins aedght velocities. This creates a lift force whiclisa
at the centre of the fins and can be used to mekerehicle to dive [Burcher, & Rydill, 1994]. This
force is dependent on the angle of the fins witkpeet to the water flow, the shape of the fins

themselves and the speed of the oncoming water[Fanez, 2005].

The fin dive planes are positioned at a similaitpmsto where the pectoral fins would be locatedao
real atlantic salmon. In order to be able to edimbe forces produced by the fins they have been
designed to be a close as possible to a NACA 06tfos [Goett & Bullivant, 1939]. A diagram of

this section is shown in Figure 3.16.

Figure image has been removed due to Copyrightictisns

Figure 3.16: Diagram of NACA 0012 section [GoetB&llivant, 1939]
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This type of section has been selected as a nuafitiher robotic fish and underwater vehicles have
used this section for dive planes [Morgansargl, 2007] and data about the lift and drag coeffitsen

are readily available.

Figure 3.17: Plan view of pectoral fin dive planes

The fins have been constructed from styrofoam shapéhe NACA 0012 section coated in four thin
layers of epoxy resin. A steel shaft has beeniedénto the fin to allow for connection to a Hitd&-

311 servo [Hitec RCD, 2007] motor mounted ontolihdy section at a 3@ngle to the horizontal. A
photograph of the completed pectoral fins is showikigure 3.17. Due to the space restrictions withi
the body section the servos to actuate the fingranented at an angle of around 40 degrees to more
closely represent the pectoral fins on a real atlasalmon. The disadvantage of mounting the fins a
an angle like this is that not all the force getedaact in the vertical plane, there is a compoient
horizontal direction. Only around 86% of the fogenerated acts in the vertical direction and would

be useful for diving.

Both servos are connected to a Pololu micro seowtral board [Pololu, 2005] which receives serial
commands from the PIC 18F2480 in the lower body. bidxs allows both fins to be controlled
individually and each has a movable range of’##4&m the centre position. Positional commands for

each fin are received via the CAN bus from eitherRF control or the central PIC controller.

3.3.4.8 Actuated Head

RoboSalmorhas a unique feature that very few other biomimeéhicles possess in that it has an
actuated head. This controlled actuation allowshéeed to move from side with a range of movement
of approximately +27 The head is actuated by a Hitec HS-311 servo mjblitec RCD, 2007] fixed

to the body section. This servo motor is connetiettie same Pololu MicroServo motor controller as
the fin actuation servos and like the fin servasiibad servo is controlled by commands received via

the CAN bus. An illustration of the actuated hegsteam is shown in Figure 3.18.
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The head contains a small enclosure which conthi@sRF communications modules which allows
commands to be received from the remote contral$etn A styrofoam mould coated in liquid latex is
used to cover the head enclosure and give the eppesof a fish head.

Head

Head -27
ea Centred

Head +27

-
~

Figure 3.18: Diagram of actuated head (a) heaelftat -27 (b) head centred’@nd (c) head to right
at +27

The reason for implementing a method for actuatimghead is to determine experimentally whether
using an actuated head can improve manoeuvringmpeghce and assist with the reduction of recoill

motion in steady swimming.
3.3.4.9 Power System

Due to the differing nature of each tail actuatsystem investigated a slightly different power dupp
system is required for each. The main differencihénpower systems is the types and voltages of the
batteries used. Initial research into the optimuattdsies to use for underwater vehicle applications
indicated a number of competing technologies. Qmeh gechnology that appears to be very well
suited to underwater applications is lithium polyrfgradley, et al, 2001; Griffiths, 2003]. Lithium
polymer, or LiPo, batteries have very high chargasity to weight and volume ratios. This means
that for a similar volume LiPo batteries have higta@pacities than conventional Lead Acid or NiMH
cells making them ideal for applications where gpigcseverely limited such as underwater vehicles
[Griffiths, 2003]. They also have very high disaparcapacities making them ideal for driving motors
such as those used for AUV thrusters. HowevertdghbBnology has a number of problems associated

with it such as the charging of the cells whicla isiore complicated process than conventional NiMH
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cells. Also, due to the presence of Lithium witllie battery there are potential hazards if thesbatt

is exposed to water. Both of these problems caovbecome using an advanced battery management
system/charging unit [Reap Systems, 2009] and aeplp rated enclosure. However, due to the
increased cost and complexity of implementing tieiteonal hardware for Lithium Polymer and the

packaging of the available LiPo batteries they hastebeen used.

Therefore, conventional NiMH batteries were selgdier use in the power systems for each tail
actuation system after careful investigation ite tapacities, maximum discharge currents and.costs
Custom battery packs have been made for each mctiststem from standard 1.2V AA size NiMH
2800mAnh cells with solder tags.

Each actuation system requires a different voltageower the actuation system. For the tendon drive
system where one 5V servo is used to actuate tha pack consisting of six AA cells connected in
series was used giving a supply voltage of arou@¥.7For the propeller/rudder and the individually
actuated system a battery pack consisting of tencélls connected in series is used giving a supply

voltage of around 12V.
Current and Voltage Sensing

As already mentioned one of the aims of this ptagto determine the efficiency of the biomimetic
propulsion systems investigated. Efficiency is thgo of output power to input power therefore a
means of calculating both these values is requimeabtain the efficiency. The output power can be
determined from the motion of the vehicle. The inpawer comes from the energy stored in the

battery and can be calculated using the equatioeléatrical power i.e.

Py =1:Ve (3.1)
HereP)y is the input power ifVatts I+ is the current to the tail actuation systerAimpsandVs is the
battery voltage ifvolts

In order to log the current values they neededetoepresented by a voltage signal to be compatible
with the analogue to digital converter (ADC) onlib#ne central PIC microcontroller. The simplified

circuit in Figure 3.19 was used to achieve this.
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Figure 3.19: Simplified current sense circuit

As the tail actuation system draws current from ltagtery a voltage is developed across Rsense.
According to Ohms law this voltage is proportiontke current flowing through the resistor. The
value of Rsense used for the circuit is 0.1 Ohni&itl% tolerance and a power rating of 30 Watts.
The voltage at each side of Rsense potentiallydd/iusing R1, R2, R3 and R4 to a voltage within the
0-5V input range of the difference amplifier. Thifetential voltage is then amplified and passed to

an input channel central PIC for analog to digitatversion.

Two current sense circuits are present withinRbboSalmonone as described above to measure the
tail current and another identical circuit to measall the current taken by the systems within the
body.

Measurement of the battery voltage is obtainedguaisimple potential divider to reduce the voltage
to a level within the input range of the microcolier ADC. All components within the current and
voltage sense circuits have been selected to dlitovoperation with the different battery voltages

present in each system.
3.4 Summary

This chapter covers the development of the Robo&alhardware. Firstly some initial background
material on basic fish biology is presented whintiudes a definition of some of the fish terminglog
used throughout this work. A number of relevanidsmn fish are also discussed including fish fins

and the swimming modes used by certain fish.

The next section covers in detail all of the expental hardware designed and implemented for this
project. It starts with a brief description of tin#ial RoboSalmoriPrototype developed. Although this
prototype has not provided any quantitative dateag shown that the tendon drive tail system is abl
to provide a surge force and it indicated a nunab@reas where the design could be improved. dt als

highlighted some additional aspects of the propualsiystem for further investigation.
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The next version of thRoboSalmongalled theRoboSalmon/2.0, is then discussed in detail, firstly
covering the modular methodology used which allow&d propulsion systems to be attached to a
common body section. Each of the two propulsioniesys used are then discussed starting with the
tendon drive propulsion system. This is followed thg development of the propeller and rudder
system which was implemented to allow for a congmari between a biomimetic system and a
conventional system. The common body section ortiziweach tail propulsion system attaches is
then discussed. This includes an overview of aff timboard systems followed by a detailed
description of each system in turn starting wite dentral processor. The other systems covered are
the custom inertial measurement unit that uses MEdsiponents, the data logger designed
specifically for theRoboSalmonthe remote control system and corresponding MABLBUI, the
actuation systems for the fins and the head ardlyiithe power system that includes the currenssen

circuitry.
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Chapter 4 — Mathematical Model of theRoboSalmon

4.1 Introduction

The development and use of simulation models i@ty an ever more important process in
industry and academia for problem solving and tbiaidecision making [Sargent, 2005]. In many
circumstances the development of prototype hardigsama expensive and time consuming task so it is
increasingly common place to develop simulation ei®do predict how a system will perform in
software before it is physically constructed [Myramith, 1995]. Mathematical models and
simulations also allow the development of contigbdathms and theories and provide a means for
these to be tested before implementation on haljiarttonet al, 1998; Murray-Smith, 1995].

One of the objectives of this work is to develog aralidate a simple mathematical model of the
biomimetic RoboSalmorvehicle which can then be used to estimate thioeance of the system
and allow for the future investigation of contrgisteems for such a vehicle. The development of the
model draws on methods used for modelling convaationarine vessels and techniques used for
modelling robot manipulators. Aspects of the hygraimics, biology and morphology of fish are also
factored into the model. The conventional marinedeling techniqgues have been modified with
additional or replacement terms to represent thmiohetic nature of the prototype vehicle such as th
thrust and drag equations for fish propulsion. Awotmodification is that the shape of the modelled

vehicle hull is selected to approximate that ash body.

The mathematical model consists of three main patti® modelling of th&ail propulsion systenthe
vehicle dynamicsnd thevehicle kinematicsThe modelling of the tail propulsion system déss

how the actuation system used within the tail gatesr a motion of the caudal fin. The dynamics
section allows for the calculation of how the far@nd moments generated by the mechanical tail
cause the vehicle to move with reference to theydliced frame. The vehicle kinematics section
describes how the body-fixed vehicle velocities egated by the dynamics section translate to an
inertial fixed reference frame. Once the modeladghtial equations have been developed they are put

into state space form and a multi-rate simulattooanstructed using thRdATLABenvironment.

This Chapter is organized as follows; firstly agbaverview of the state space modelling technigue
given followed by a description of the referenaies and model variables used within this Chapter.
Each section of the model is then presented ingtaring with the vehicle dynamics, followed b th
modelling of the propulsion system section whicscdsses the different tail actuation schemes

investigated and finally the vehicle kinematics diszussed.
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4.2 State Space Modelling

In order to analyse the mathematical model of BeboSalmonvehicle to estimate vehicle
performance a means of simulating the model isirequOne common technique used for simulation
of mathematical models, which is particularly sdit® execution on a standard desktop computer
using mathematical software suchMATLAB is the statespace technique [Schwarzenbach, & Gill,
1992; Duttonet al, 1998].

The statespace technique allows for the simulation of timeariant, multi-input, multi-output
systems and is used extensively in marine vesselelitog [McGookin, 1997; Perez, 2005] and
robotics applications [Worrall & McGookin, 2006h brder to use staspace technigues the system,
which is described by first order differential etjoas, model has to be represented as state engsatio
[Vaccaro, 1995]. State space simulation technicaes used as they are especially suited to the
programming techniques used in modern computeesysfMurray-Smith, 1995]. The value for each

state is updated at each discrete simulation tiege s

The general format of a state space model of &syist shown in Equation 4.1 [Schwarzenbach &
Gill,1992].

X = Ax + Bu (4.1)

Wherex is the state vectorx is the state derivative vectar,is the input vectorA is the process
matrix andB is the input matrix. To simulate tHeoboSalmommodel the various input and control
parameters are used to calculate stete derivativeerms. Numerical techniques are then used to
integrate the derivative of the state vector tedhe state vector [Murray-Smith, 1995]. The floaxth

in Figure 4.1 gives an overview of the state spaodel simulation

[ Initialization }

Model

]

Numerical
Integration

]

Data Storage

Simulation tim
expired?

Yes

Loop evaluated
. once per time
Graphing steph

Figure 4.1: Flowchart of state space modelling tiépine
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Firstly, the model is initialized by clearing alhnables and the simulation time set to zero. Thtes
space model is then executed and the state deggadire calculated. Numerical integration is then
used to integrate the state derivatives to givestates. All of the current variables including #tate
vector, state derivatives and control terms areedtolrhe simulation time is then incremented by the
time step and the process continues until the sitiam end time has been reached. The flowchart
above could also include a control block which wioallow control parameters to be varied to

obtained desired outputs.

The model described in this Chapter also uses ai-maté simulation approach with the vehicle
dynamics running at five times the step size ofrtieeor dynamics. This was implemented in order to
decrease the time to complete simulations and ssiple as the motor dynamics will respond faster

than the vehicle dynamics.
4.3 Model Variables and Reference Frames

When working with any vehicular system such as neaviessels, aircraft, spacecraft or automobiles it
is convenient to define a number of standard vagafor describing velocity, displacement, etc and
also to define reference frames or coordinate Bystg-ossen, 1994]. For this model two reference
frames are used, the body-fixed frame and an aldgarth-fixed frame [Fossen, 1994]. The body-
fixed frame is attached to the vehicle and movdh thie vehicle as it moves. For simplicity the body
fixed frame usually has its origin located at tledicles centre of gravity [Fossen, 1994]. The Earth
fixed frame is assumed to be an inertial frame|tiie fixed and does not move [Fossen, 2002]ufég

4.2 shows a diagram with the notation used fobtiay-fixed and Earth-fixed reference frames.

Zh
Wik
Y
/ r
Body Fixed Frame
Z'E
Z Earth Fixed Frame

Figure 4.2: lllustration of Body-Fixed and Earth«€dl reference Frames
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The velocities and accelerations generated by ynardics section of the model are calculated with
respect to the body-fixed reference frame. In nuesdes it is useful, particularly for navigation
purposes, to know how the vehicle is moving inHagth fixed reference frame. It is therefore uguall
necessary to translate the forces and velocitieergéed in the moving body fixed frame to forced an
velocities in the Earth-fixed frame which is statwoy relative to the body-fixed frame. This

translation process is described in the vehiclerkiatics section which follows after this section.

As well as defining reference frames for the matded convenient to define a number of variables
which describe the motion of the vehicle within leat these reference frames. A standard notation
has been developed for use with marine vesselshéySociety of Naval Architects and Marine

Engineers (SNAME) for describing the various foraesl moments [Fossen, 2002] in each of the six

degrees of freedom (DOF). This notation is shownabhle 4.1.

Table 4.1: SNAME notation for marine vessels (girefFossen, 1994])

Degrees Moti Linear and | Positions
otion Forces &
of Description Name Moments Angu_le_1r and Euler
Freedom Velocities Angles
g | Motonsinthel surge X(N) | u(msh x (m)
Motions in the
2 y-direction Sway Y (N) v (msh) y (m)
(sway)
Motions in the
3 z-direction Heave Z(N) w (ms?h) z (m)
(heave)
Rotation about
4 the x-axis Roll K (Nm) p (radsh @ (rad)
(roll)
Rotation about
5 the y-axis Pitch M (Nm) | q/(radsh 0 (rad)
(pitch)
Rotation about
6 the z-axis Yaw N (Nm) r (rads") o (rad)
(yaw)

For the purposes of developing mathematical mottielse variables are usually presented in vector
form as shown in Equations (4.2), (4.3) and (4=psken, 2001].

n=ln 1" wheren, =[x y 2]"andn, =[¢ & ¢’ (4.2)
v=[v, v,]" ,wherev,=[u v W andv,=[p q r]’ (4.3)
r=[r, 7,]" ,wherer, =[X Y Z]"andr,=[K M N]' (4.4)
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Where 77is the vector of linear and angular positions witthe Earth-fixed reference framijs the
vector of linear and angular velocities within thedy-fixed frame and is the vector of forces and
moments in the body-fixed frame. This notation kbalused throughout the remainder of this thesis.

4.4 Vehicle Kinematics

To translate the body-fixed velocities generatedhgydynamics section of the model to velocities in
the inertially fixed Earth frame a transformatienréquired. The transformation is made up of aeseri

of rotations carried out in a specific order adioatl byEuler's Theorem on Rotatiirossen, 1994].

In order to carry out this transformation the lin@ad angular velocities are dealt with separately,
therefore the velocity vectar is split into two separate vectoss andv, which are the linear and

angular velocities in the body-fixed frame as shgseviously in Equation (4.3). The corresponding

vectors of linear and angular positions in the lE=&ikked reference frame are given the notatjpand

1, respectively also shown previously in Equatio2)4.

The standard notation for this transformation isvatin Equation (4.5) for the linear velocities and

Equation (4.6) for the angular velocities.
,71 = ‘]1(02)”1 (45)
,72 =J2(,72)U2 (46)

Where p, and 17, are the linear and angular velocities in the E&ixéd frame respectively anti and

J, are the transformation matrices usédfor the linear velocities shown in Equation (4[Fpssen,

1994] andJ, for the angular velocities shown in Equation (4R)ssen, 2002].

cycd - syco+cystsy  sysp+ cyryst

J.(7,) =|syco cycp+ sty - cysp+ stsycy (4.7)
-s6 cbsp c&y
1 s¢f cyd
J2(12) ={0 cp -sp (4.8)
o ¢ ¢¢
cd co

Here for compactnessrepresents the cosine functi@represents the sine function anepresents

tan.

Therefore, the complete kinematic equation fordlamg from velocities in the body fixed frame to

velocities in the Earth frame is given in Equat{dr®) [Fossen, 1994].

- n] L) 0. T
”'J(”Z)"’{ﬁj{ogxg Jz(nz)}{vj (*9)
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4.5 Vehicle Dynamics

The dynamic model of the biomimetiRoboSalmorvehicle draws on techniques used to model
conventional marine vessels such as AUVs and ROMdb$n, 1996; Fossen, 1994]. These techniques
are modified with addition or replacement of tetimsepresent the biomimetic nature of the prototype
such as the thrust and drag equations for fishytsam and the shape of the vehicle altered to

resemble a fish.

Any model developed will have to take into accotireg dynamics and kinematics of the vehicle.
Therefore, the standard vehicular model for a 6 B§stem is used for modelling this system and is
shown in Equation (4.10) [Fossen, 1994]. This equatas the origin of the body fixed frame located

at the centre of gravity of the vehicle.

M u+C(v)u+DW)v+g(n) =T (4.10)

whereM is the inertia matrix (including added masSjp) is the matrix of Coriolis and centripetal
terms (including added mas®)(») is the damping matrixg(y) is the vector of gravitational forces
and momentsg is the vector of control inputs andis the linear and angular velocity vector. How
each of these terms is dealt with in relation ® mmodelling of theRoboSalmorvehicle is covered

within the following sections.
4.5.1 Rigid Body Dynamics

For the purposes of modelling the dynamics of gstesn, theRoboSalmomwehicle is assumed to be a
rigid body. This assumption implies that the vehiglass does not alter with time and that the shape
remains constant [Humphrey & Topping, 1961]. Thestfiassumption is reasonable as no fuel is
consumed during the running of the vehicle as iaery powered; the second assumption is not so
easy to justify as the propulsion system is madefwgpmoving tail. However, due to the fact thatstno

of the mass is concentrated within the body ofvisleicle, assuming that the vehicle is a rigid bady

considered to be a reasonable approximation.

The development of the rigid body equations of piotis based on the Newton-Euler Formulation
which is based on Newton’s Second Law [Fossen, ]\@8#h relates the acceleration and mass of an
object to the force acting on it [Young & Freedm@000; Benson, 1996]. Mathematically, this is

represented as [Young, Freedman, 2000]:
JF =ma (4.11)

Wherem is the mass of the object in kd,is the acceleration of the object in fnand 2F is the

summation of all the forces acting on the body ewitons.
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To develop the rigid body equations of motion Esldirst and second axioms are used [Fossen,
1994]. These axioms express Newton's Second Laerins of both linear momentupg and angular
momentunhc shown in Equations (4.12) and (4.13) [Fossen, 1994

Euler's I Axiom p=f. Pc = MU, (4.12)

Euler's 2 Axiom he =m. he =l.w (4.13)

Here fc and m¢ are forces and moments referred to the body’sreesft gravity, w is the angular
velocity vector, m is the mass of the body dgds the Inertia about the body’s centre of gravity
[Fossen, 2002].

The derivation of rigid body equations of motioorfr Newton’s Second Law and Euler’s first and
second Axioms can be found in [Fossen, 1994] am$dén, 2002]. The rigid body equations of
motion for each of the 6 degrees of freedom forRls@oSalmorvehicle can be stated as shown in
Equations (4.14) to (4.19) [Fossen, 1994].

Surge X = mlu - vr +wg] (4.14)
Sway Y = m[\‘/ -wp+ ur] (4.15)
Heave W = m[v'v— uq+ vp] (4.16)
Roll K=1,p+(l,=1,)ar (4.17)
Pitch M=1g+(,-1,)p (4.18)
Yaw N=1,+(I,-1,)pq (4.19)

Herel,, |, andl, are the moments of inertia of the vehicle aboatth Yg and £ axes respectively.
4.5.2 Inertia Matrix

The inertia matrixM is composed of two components as shown in Equdtd?0), the rigid body
inertia matrix and the added inertia matrix to takects due to the added mass forces and inatba i

account [Fossen, 1994]:
M=Mg+M, (4.20)

To simplify the matrices it is assumed that thetr@eof gravity is located at the same positionhes t
origin of the body-fixed frame. To give the vehiel@egree of metastability the centre of buoyascy i
set to coincide with the centre of gravity in the ahd Yz axes but is set slightly above the centre of

buoyancy. This means that:
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s =| Ys | =|0 (4.21)
Z; 0
Xg 0

s =|Ys |[=| O (4.22)
Zg 002

A large number of marine vessel models assumettibatehicle to be modelled is neutrally buoyant;
the weight (i.e. downward force due to gravityeaual to the buoyancy force (i.e. upward force due
to the water). In reality achieving neutral buoyareca near impossible task without a dynamic Isalla
system [Burcher & Rydill, 1994]. ThRoboSalmowehicle has been designed to be slightly positivel

buoyant so if any malfunctions occur it rises te srface.

Therefore, the rigid body inertia matrix for tReboSalmormsimplifies to:

o O O

(4.23)

o O O O

o O x
o O O O O

O oo oo 3
O oo o 3 o
O oo 3 oo

O «

N

The moments of inertia for the vehicle are cal@datising the standard equation for the moment of

inertia of a cylinder [Humphrey & Topping, 1961].
4.5.3 Coriolis & Centripetal Terms

For modelling purposes the effect of the Coriohs @entripetal forces acting on the vehicle, the tw
forces are dealt with together within one ma@ix). The centripetal force is caused when the motion
of the vehicle follows a curved path [Benson, 1998je Coriolis effect is due to motion of the védic
within a rotating reference frame e.g. moving otrex surface of the Earth [Benson, 1996; Fossen,
2002]. TheC(v) matrix provides the correction required to modhese additional movements within

the model.

Like the inertia matrix, the Coriolis and centrigletatrix is made up of two components; the Caioli

and centripetal terms due to the rigid bo@yg(v), and the terms relating to the added mass effect,
CA(V).

C(v) =Crg (V) +C, (V) (4.24)

Here Crg(v) can be represented as shown in Equation (4.24)masg that the origin of the body-

fixed reference frame coincides with the centrgraivity [Fossen, 1994].
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0 0 0 0 mw —mv]|
0 0 O -mw O mu
0 0 0 mv -mu O
CrolV) = 0O mw -mv O l,r -1.9 (4.29)
-mw O mu  —1,r 0 I.p
mv -mu O l,ga -IL,p O

The actual effects of the added mass terms shoewigusly in Equation (4.25) and (4.20) and the
calculation of the appropriate terms are covergtiémext section.

4.5.4 Hydrodynamic Added Mass Terms

The added mass is a representation of the pressdueed forces and moments due to a forced
harmonic motion of the body that are proportionahte acceleration of the body [Fossen, 2001].s Thi

phenomenon manifests itself mathematically withia tass and Coriolis matrices.

The standard added inertia matkibs containing the added mass derivatives is shown as:

X, Xo Xy X, Xy X, ]

L T T T

\z, z, z, z, z, Y,
M, = K, K, K, K, K, Y, (4.26)

M, M, M, M, M, M,

N, N, N, N N, N,

In order to simplify the model, assumptions camizale that simplify the matrix shown in Equation
(4.26). The two assumptions made are that firsigyrhotion of an underwater vehicle is usually low
speed, non-linear and coupled and secondly that thiee certain symmetries within the hull form
[Fossen, 1994]. The hull of tHeoboSalmorvehicle is also assumed to be prolate ellipsoidhape,
shown in Figure 4.3, and due to both these assangpthe added mass matrix can be simplified to
only the diagonal elements as shown in Equatid2v§4Fossen, 2001; Imlay, 1961].

Figure 4.3 — Prolate Ellipsoid with semi-axes ayti a [Fossen, 2001]
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(4.27)

These assumptions also lead to the added mass termise Coriolis and centripetal terms being

simplified as shown in Equation (4.28) [Fossen,4]199

Cav) =

0
0
0
0
Z,W

-Y,Vv

0 0
0 0
0 0
-Z,W Y,V
0 - X,u
X,u 0

0 -Z,W
Z,W 0
-Y,v  X,u

0 -N,r
N, r 0
~Mya K,p

YV ]

- X,u
0
M.q
0

(4.28)

Using a prolate ellipsoid as the shape for the thdl model only has to consider six added mass

derivative terms which can be calculated as showiguations (4.29) to (4.33) [Fossen, 2001; Imlay,

1961].

X, =- T m
2-a,
V: W: Am
2_/80
Kp=0
N.=M. = 1 (bz_az)z(ao_lgo)

T BT -a) + (b7 +a)(By ~ a,)

Heree s the eccentricity andr, and S, are constants [Fossen, 1994].

4.5.5 Restoring Forces and Moments

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

The restoring forces and moments are the termshwtdke into account the gravitational and

buoyancy forces [Fossen, 2001]. Two important patans in calculating these forces and moments

for underwater vehicles are the distance betweenotigin of the body-fixed reference frame, the
centre of gravity (COG) and the centre of buoya(@$B) of the vehicle.
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In many underwater vehicle models for simplicite thehicle is assumed to be neutrally buoyant
[Pettersen & Egeland, 1996; Cavali al, 2003]. As previously mentioned obtaining neutral
buoyancy is a near impossible task within the haréwbut making this assumption simplifies a
number of terms within the model. The complete eedf restoring forces and moments due to

gravitational and buoyancy terms are shown in Equg#.34).

(W -B)siné
- (W -B)cos@sing
- (W - B)cosfcosg
g(n) = , (4.34)
= (YygW - ygB)cosfcosg+ (z,W - z;B) cosfsing

(zgW = z;B)sin8 + (x;W - x;B) cosf cosg

= (XcW — xzB)cos@sing—- (y;W - y;B)siné

One important aspect to consider in all marine elehilesign is the stability in roll. It is possibldth
correct positioning of the COG and COB to creatmla restoring moment which acts when the
vehicle is subject an angular roll displacemeniriglit away from its upright position. For underesat

vehicles this is usually achieved when the COBositipned above the COG on the z-axis.

For theRoboSalmort is assumed that the COB is higher than the @@&he z-axis, but has equal x
and y-axis terms. This produces moments whichceltihg the vessel back to its equilibrium after th

removal of any external forces as illustrated iguire 4.4.

(a) (b)

Figure 4.4: Restoring forces for roll on x-z plgag¢when upright i.e. no roll angular displacememd

(b) with angular roll displacement, with COB and G@iffer on z-axis.

Many conventional underwater vehicles utilize thpproach for passive roll control as no actuators

are required [Von Altet al 1994]. Therefore, as well as being slightly gesly buoyant the COB of
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the RoboSalmorvehicle is located above the COG and much effagt leen expended to make the

COG and COB as close as possible on the x andsy axe

However, as briefly mentioned in Chapter 2, rest fare usually statically unstable as they havie the
COB below their COG [Lauder & Madden, 2006]. Altlgbuthe aim of this project is to mimic a fish

as accurately as possible, making the vehiclecstgtiunstable would create a number of difficult
problems with the design and control of the vehidlaerefore, it has been decided to opt for
simplicity and make the COG below the COB.

The gravitational and buoyancy vector used forsineulation of theRoboSalmorvehicle is given in
Equation (4.35).

0
0
a() = 0 (4.35)
(z,W - z;B) cosfsing
(zgW - z,B)sinéd
0

4.5.6 Hydrodynamic Damping Terms

One force that acts on any vehicle operating inutiderwater environment is/drodynamic damping

or drag [Fossen, 1994]. This force is one of the forces tdontribute to the dynamics of the vehicle
and as such a term is required in the forces amients section of the model to represent the drag
force. The notation used for the drag forces ia thwestigation i&dnfor the drag force in surg&¥dn

for the drag force in sway, etc.

The various types of drag acting on a body subntengevater are covered in more detail in Chapter
2. Damping is approximated using the standard exuédr drag shown in Equation (4.36) [Hoerner,
1965; Fossen, 1994].

f(U) = —% PCoAUU (4.36)

wherep is the density of fluid (kgi), Cp is the drag coefficientA is the cross-sectional area?)m
andU is the velocity of the vehicle (Ms This equation is used to calculate the dragef@rcting in

surge, sway and heave and also used to estimatet#tional drag terms in roll, pitch and yaw.

The equation for drag requires the drag coefficf@nto be known in each degree of freedom. As the
body of theRoboSalmoris not just a prolate ellipsoid but an ellipsoidhafins, the drag due to these

fins has to be taken into account when calculatiegoverall drag coefficient in each DOF.
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Firstly, for the main body in surge, sway and ydmeations the drag force can be estimated using the

equation for the drag coefficient for simple stréiaed ellipsoidal bodies at sub-critical Reynolds

Numbers [Hoerner, 1965],
C, = o.44(9J o.me(ﬁj 0016 (ﬁj (4.37)
a b b

wherea is radius of ellipsoid along x-axis ahds the radius of ellipsoid along y-z plane.

The drag force produced by the fins located orbibdy is estimated using the standard drag equation
and knowledge of the shape of the fins, which haeen designed to be as close to NACA 0012
sections as possible [Goett & Bullivant, 1938]. Muirg the NACA section of these fins and the angle
these fins make to the oncoming flow of fluid albbwalculation of the drag force in surge produced
from data tables of angle of attack versus dradficamt [Kermode, 1987]. The drag force in hease i
calculated simply from the planform area of thesfamd the drag coefficient of a flat plate [Hoerner
1965]. Combining the methods described above amoappation for the rigid body drag can be
deduced in the 6 DOF.

However, as indicated in Chapter 2 the drag onimswng fish is not as straight forward as using the
rigid body drag due the complex interactions betwie undulating fish body and the water [Videler,
1993; Triantafyllou & Triantafyllou, 1995]. An attgt has been made to model the drag produced by
the moving tail by assuming the caudal fin is a geethat has a surface area which is dependant on
the angle the fin make with the oncoming water fl@We drag coefficient used for this wedge that
represents the caudal fin is 0.5 [Hoerner, 1965hd fin is at its maximum amplitude then its sue
area is maximum and therefore increasing the dsexpf However, if it is in line with the body then
the drag is reduced. By making this assumptiordtig force produced by the caudal fin varies over
one tail beat cycle and when viewed over seveilabéat cycles the drag appears to oscillate about

steady value.
4.6 Propulsion System Modelling

The aim of modelling the propulsion system is ttowal for estimates of the control forces and
moments (i.e. thrust and manoeuvring forces) tonbee using the input commands to the system.
These approximations of thrust are then feed meadiynamic section of the model. The control forces
and moments for thRoboSalmorvehicle are dependant on which tail actuationesysis being used

at the time. As such the calculation of the contootes and moments for each tail actuation system

are dealt with separately.
4.6.1 Tendon Drive System

The aim of modelling the propulsion system is towalfor estimates of the thrust and manoeuvring
forces to be made using the input commands to ysem. For the model the system has been

subdivided into four sections as shown in Figuke 4.
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Figure 4.5: Flowchart of Tendon Drive Propulsiorsteyn Model

This flowchart shows the main components of the eho@ihe input to the model is the desired tall
beat frequency and amplitude which is passed teéhe motor model. This then causes the servo to
move in the reciprocal manner to the servo motoampaters that will correspond to the desired tail
commands. The output of the servo motor modelteralisplacements of the servo motor arms, these
values are then used to calculate the change®itettdons. These tendon displacements are fed into
the tail kinematics which relates the tendon leadththe angular positions of each revolute jaint i
the tail. Knowing the angular position of each bé tten revolute joints allows the caudal fin tip
displacement to be calculated along with the atiggecaudal fin makes with the tail centre line. Wit

these caudal fin parameters known over time ibssible to estimate the thrust produced.
4.6.1.1 Servo Motor Model

For actuation of the tendon drive system a Hitee3885 Digital Servo [Hitec RCD, 2007] motor is
used. This servo operates by moving the outpubsam to an angular position which corresponds to
the pulse width of the inpyulse width modulate@PWM) signal.

This servo motor system is modelled as a DC mottr &/ reduction gearbox attached. The standard
electrical and mechanical equations for a DC mkoanklin, et al, 1991], which are shown in

Equations (4.38) and (4.39), are used to desdnibenptor.
di i = ] 4.38
La'l' R| —V - KeHMOTOR ( . )

JéMOTOR + bgMOTOR = Kti _TI (4.39)
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HereL is the inductance of the motor (H)is the motor current (AR is the motor resistanc€], V is
the applied voltage (VX. is the motor emf constant (Vrasf), ¢ is the motor angular displacement
(radians),J is the inertia of the motor shaft and load (Kprh is the viscous friction coefficienk; is

the motor torque constant (NritpandT, is the load torque (Nm).

It is assumed that a proportional-integral-derixat{(PID) controller is used within the servo for

positional control of the servo arm [Behnke & Sdbee, 2006].

Servo Angle (Degrees)

time (s)

Figure 4.6: Simulated servo model response todtapges of +30degrees

The simulated servo response to step changes afaods of +30is shown in Figure 4.6. This
shows that the PID controller is effective in allogithe servo to reach its commanded position with

only slight overshoot.

Commands are sent to this servo which generatexciprocal rotational motion of between +45
degrees. The maximum frequency of this motion msitéd to approximately 1Hz due to the

mechanical limitations of the whole tendon drivetsyn.
4.6.1.2 Tendon Displacements

In order to determine the revolute joint variables a particular servo-motor angle the relationship
between the servo-motor arm, tendons and jointnadses has to be known. Firstly, the servo motor
receives an input PWM signal that contains a dytjeccorresponding to the desired output angle of
the servo-motor arms. This movement of the servosgpulls on one of the tendons. This pulled
tendon is referred to as the active tendon aghisstendon which causes the deflection in tHe Téie
tendon that is not being pulled is assumed nobtudribute to the motion at this instant. As theveer
motor is mounted in the body section the lengtlieaon wire within the tail assembly is reduced,

this is referred to as effective shortening oftéredon.
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The relationship between the servo-motor angle thredeffective shortening is calculated using the
geometry of the internal mechanics of the tail/lsemgsembly. Equations (4.40) and (4.41) represent
the relationship between the servo angle @nd the change in tendon lengths &nd xz) [Watts,
McGookin & Macauley, 2008a].

X =/ (lam C0S@ervd = D + (oo —lamSIN(B))? —XC  (4.40)

Xg = \/ (I, COS@ervd = 2)° + (l oo+ . SINEB))? — XC (4.41)

The other parametetgm, lseno @ndz represent the length of the servo arm, distarmme the motor
shaft to the start of the tail assembly and th¢éadce between the tendons at the start of the tail
respectively. The servo-motor anglegigryoand the final parametex, is the length of the tendons

when the talil is at its centre position.

This overall change in tendon length is distributachong the ten revolute joints. From
experimentation with the prototype it has been egmathat this distribution is not equal. This is
because the joint angles towards the fin end otdatere greater than those towards the body due t
the mechanics of the tail. For this reason a ligeacreasing distribution of the change in tendon
length is assumed over the ten revolute jointsiagrdm of the plan view of one revolute joint from

the tail assembly is shown in Figure. 4.7.

s |
e |
/ v
- r » - Ih
(a) Tendon lengths equal. (mHRtendon shortened

Figure 4.7.: Individual revolute joint assembly sfirtg tendons and rib sections.

The joint angle of a revolute joint can be caloethfrom the corresponding change in length of the

active tendon for that joint assembly using trigmedtry. This is shown in Equation (4.42).

I+ '
6, =-| 180 2sin b2 —2sin‘1(LJ (4.42)
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Hered, is the angle for joink, | is the distance of the tendon from the segmettieashortest point
(m), w is the width of the segment (m),andl; represent the lengths of the tendon at its centre

position and when shortened respectively.
4.6.1.3 Tendon Tail Kinematics

Due to the design of the tail it can be thougha®fa robot manipulator with ten revolute joints. As
such the kinematic equations used to describe mbatpulators can be applied to describe the tendon

drive tail.

The standard method used to model the forward katiesh of robot manipulators is the Denavit-
Hartenberg (D-H) representation [Niku 2001]. Thisthod involves assigning each joint and link a
reference frame according to a set procedure. diheljnk representation for the 10 segment tendon

drive RoboSalmomail is shown in Figure 4.8.

Figure 4.8: Joint and link representatiorRafboSalmonail assembly

The parameters for all the joints are then assairibte a table referred to as a D-H parameter table
By creating a table of parameters like this, ibal easy calculation of the ‘A’ matrix for eachrjbi

The ‘A’ matrix is a combination of all four moventsn(rotation about the x,y and z axes and a
translation). Using the A matrix for each jointaalls for transformation between the successive joint

frames of reference.

The parameters included in the D-H parameter tat#eJoint number #, Rotation about the z-axis of
revolute joint® (rad), distance between two common normals (joffget) d(m), Link length a (m)
and the angle between two successive z-aXesd). The D-H parameter table for the tendonedtail
assembly is shown in Table 4.2.
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Table 4.2: D-H Parameter Table Representation néide Drive Tail

# o d a a
1 6, 0 0.03 0
2 0, 0 0.03 0
3 05 0 0.03 0
4 0, 0 0.03 0
5 05 0 0.03 0
6 05 0 0.03 0
7 0, 0 0.03 0
8 05 0 0.03 0
9 6 0 0.03 0
10 B1o 0 0.03 0
11 0 0 0.105 0

By using the A matrices derived from the D-H partendable transformation between the first
segment frame (the one connected to the body) hedatst joint (joint representing the caudal
peduncle) is possible. By doing this it allows gusition of each joint to be determined in the @ud

peduncle reference frame.

This process of transformation between the body @ndlal peduncle is carried out as follows in
Equation (4.43).

T T T T T T T T Tocaaresncs = ABAAAAAAAR, (443

In order to know the position of each joint in thd, the transformation matrices the frame forteac

joint is transformed into the body frame as showtlow in Equations 4.44 :-

frameltobody T="C°YT, = A

frame2tobody. T="C°VTIT, = AA

frame3tobody T="C"YT'T.°T. = AAA

framedtobody T=""T 'T,°T.°T, = AAAA,

framestobody T="C"YT T, *T.°T,*T. = AAAAA
framestobody T=""T T, "I, ’T,*T,°T, = AAAAAA,

frame7tobody T="C"YT'T*T.°T,*.T.°T,. = AAAAAAA
frameBtobody T="C°T T 2T T “T.°T. °T. 'T, = AAAAAAAA

framedtobody T="C"YT,'T,”T,°T, . °T,°T, T,°T, = AAAAAAAAA
pedunclebody T=""T T, "L, T, T, °T. T, "T,°T, Ty cavdapeass = AABAAAAAAAA,

(4.44)

Using the above transformation matrices the looatbthe origin of each joint frame in the body
reference frame can be plotted in two dimensioos fthe x and y translational coordinates in each of
the matrices. This method also allows the lateigpldcement of the caudal fin from the tail centre

line to be calculated.
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From the above discussion of the various aspectiseofail system, the overall kinematics of thé tai
can be computed knowing the input angle from timecsmotor. A plot of thdRoboSalmonendon tail
assembly kinematics and ideal fish kinematics mwshfor one instant during a tail beat cycle in

Figure 4.9.

02F — = ——mm

y(m)
y(m)

(a) Ideal fish kinematics (lmdamatics frorRoboSalmorail assembly

Figure 4.9: Comparison of Ideal and Obtained Tangfatics (Solid line shows ideal kinematics and

circled line show$oboSalmortail)

From this comparison the limitations of tReboSalmoriail assembly is apparent. Although, the
position of the tail tip oRoboSalmoris fairly close to the tail tip position in theeal kinematics, the
shape of th&koboSalmonail differs from the ideal situation. Also, theslttip amplitude and the angle
of the tail fin are in phase whereas from obseovatiof real fish they appear to be’ @it of phase.
These differences are unavoidable due to the memiatesign and actuation method of the tail
assembly. However, the simplicity and low cost ratof this approach should compensate for the

difference in the kinematics and any adverse efféstmay have on the performance of the vehicle.
4.6.1.4 Tendon Tail Thrust Estimate

For this model a method of estimating the thrusidpced by the tail motion was required. From
surveys of the available literature on fish promrsthere does not appear to be an exact and
definitive, theoretical method for easily calcutatithe thrust produced by the undulating tail and f
movements of fish swimming. Some sources suggasstiving the Navier-Stokes equation gives an
accurate prediction of the thrust, however, thisthmeé requires the use of computational fluid
dynamics and would take a substantial amount oé tiomsolve due to its complexity [Colgate &
Lynch, 2004].

From the literature surveyed there appears to lmenta@in methods for estimating this thrust force:
vortex theory [Streitlein & Triantafyllou, 1998] dnelongated body theory and its derivatives
[Lighthill, 1971]. Both methods have their advarga@nd disadvantages.
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The vortex method estimates the thrust produceaniayysing the vortices left in the wake as the fish
swims. This method uses parameters of the vortdseveach as circulation, size, positioning and

number of vortices in the wake [Streitlein & Triafyilou, 1998].

However, this method is of limited use for the mbidg and simulation of the propulsion system. At
present there does not appear to be a simple methpckedicting the formation of the vortices and
vortex parameters from the movements of the fisthout the use of complex computational fluid
dynamics methods, or direct observation and meamneof the vortices produced while swimming
[Videler, 1993]. Using this method in runtime whtlee vehicle is in operation would be difficult due

to the speed at which the vortex information cdagdbbtained and processed.

The other method that can be used to estimatdthsttproduced by fish like propulsion is Lightisill
Large Amplitude Elongated Body Thedkyghthill, 1971]. The idea behind this theorytie transfer

of momentum between fish and water and assumedhaanajority of this transfer happens at the
caudal fin [Videler, 1993]. Therefore, only the fieand pitch motion of the caudal fin is used ia th
calculation. In the context of this theory heaveiomis the side to side displacement of the cafidal
and pitch is the angle of the caudal fin to thetredime of the fish [Triantafyllou, Triantafyllou &ue,
2000]. These two parameters are different fromstaedard heave and pitch used to describe marine
vessels. This is due to the initial investigatiom® propulsion using a species that had a hori&ont
caudal fin and so heave and pitch were used taidesthe motion. However, the same theory applies

to both horizontal and vertical fin orientation ghithill, 1970].

Both heave and pitch are assumed to be sinusaidatibns [Triantafyllou, Techtet, & Hover, 2004]
and from observations of real fish and simulatitives heave and pitch are approximately 80t of

phase from one another. The equation used fohtlsttestimate is given in Equation (4.45).
_ 1.
I:Thrust - ranW _EW m, (445)

Where Frns IS the surge thrust force (N, is the virtual mass per unit length (kgy, is the
perpendicular velocity of tail (ff$ andW is the lateral velocity of the tail tip (s Figure 4.10
shows plots of the thrust and drag force in suogeaftail beat frequency of 1Hz starting initiaitgm

rest.
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Figure 4.10 Plots of surge thrust Xt (top) and daage Xdn (bottom) for a tail beat frequency of2LlH

Although the thrust force varies dramatically ogae tail beat cycle when the instantaneous force is
averaged for steady swimming it coincides withdheg force produced.
4.6.1.5 Tendon Tail Manoeuvring

In order for the vehicle to manoeuvre the centeebifi the tail oscillation can be altered. For fomva
propulsion the tail centreline is in line with thedy. When the position of the undulation centeeim

altered (by angl&6) then it is assumed that a component of the thifarse acts in sway and thus

yaw. This is illustrated in Figure 4.11.
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(a) Thrust force when tail beat centred (Forwardito
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(b) Thrust force when tail beat offset (Turning Mo

Figure 4.11: Diagram of tail sweep and thrust force

With the tail oscillating with the centreline offsine force components in surge, sway and yaw are

calculated using trigonometric relationships. Tdlisws for the model to represent the manoeuvring

forces generated by the tail.
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4.6.1.6 Recoil Motion

From experimentation with the initial tendon driReboSalmomprototype one aspect of the swimming
that has become apparent is the level of recoilonaienerated by the tail. This recoil motion oscur
when the tail moves one way and the rest of theylvedoils in reaction. This causes the vehicle to
exhibit unwanted roll, pitch and yaw motions. Rigsth experience recoil motion [Fish, 2002] butsit i
not as severe as the recoil present in certainibietit vehicles like th&oboSalmon This is because
real fish have a number of methods of dealing wettoil motions such as having a flat body profile
which increases lateral drag [Webb, 1977]. Anotlvay they deal with recoil is in the undulatory
motion of the body/tail during swimming which, atyaone instant, there are parts of the body/tail at
both sides of the fishes centreline and as the lataiy motion is cyclical the lateral forces cawgsin

the recoil are thought to cancel out [Lighthill,719.

From testing of the initial prototype it has becoapparent that the recoil motion is most evident in
yaw and roll. Therefore, the model has to take thi®il motion into account in its representatidn o
these particular degrees of freedom. Firstly, Ihthe recoil is assumed to be caused by a comibimat
of two factors. One is the moment created by thesntdi the tail as it moves a certain distance away

from a pivot point the centre line of the vehicteidicated by Figure 4.12.

2N

Plan View

COG

MWy

View from
rear (caudal

fin otnitted) T

Ipe + o

(a) (b)
Figure 4.12: Representation of recoil motion il.r@) tendon tail in centre position (b) tendoih ta

offset (¢) moment diagram representation of ratbile

In Figure 4.12my; is in kg and the position of it indicates the apgmate centre of mass of the tail

andl+c is the distance between the centreline ofRbboSalmowehicle and the centre of mass of the
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tail in meters. As the centre of mass of the tailves from the centreline it generates a momenttabou
the x-axis, with magnitude of the weight of thel taiultiplied by thel:c . The second factor

contributing to the roll recoil is the moment calid®y the drag force acting on the caudal fin as it
moves through the water. As the caudal fin is medirdbove the centreline of the vehicle by a

distance], the drag force acting on the fin will create annemt in the roll axis.

The recoil motion in yaw is slightly more difficuid represent within the mathematical model. From
observations of thRoboSalmorehicle swimming in a straight line the recoilyaw presents itself as
a rotational motion of the body as the tendon dialemoves away from its centreline. The rotationa
motion of the body is in the opposite directiorthie motion of the tail if the COG is taken as thep

point i.e. as the tail moves clockwise the bodyileanti-clockwise.

This effect is represented within the model in twhthe moment produced by the lateral drag force
of the caudal fin as it moves in the tendon taibagon system. If the tendon driv®boSalmons
actuated out of the water on a bench say, no recotbserved as the drag force on the fin duedo th
air resistance is significantly less than in wated also the friction between the vehicle and #wch
prevents the body from moving in reaction to thierteving. However, when the system is actuated
in the water environment the hydrodynamic drag uthe movements of caudal fin is significantly

greater and so will produce a moment about the @0Be vehicle acting in the yaw axis.

Within the model this is represented by using thegdorce produced by the caudal fin to create a
recoil torquetrecoi, as it moves to create a moment about the velli€fl& which is assumed to be

located half a body length in front of the caudial An illustration of this is shown in Figure 4.13

Recoil Angle,

Orecon

\ Recoil Torque,

TRECOIL

»

Tendon Drive Tail
Torque TTAIL

@) (b)

Figure 4.13: Representation of recoil motion in yéay tendon tail in centre position (b) tail offse

with recoil motion present in yaw
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4.6.1.7 Tendon Drive System: Input Forces & Moments

The overall control forces and moments due toehedn drive tail are shown in Equation (4.46).

XT = I:Thrist'COSGCBWE")
YT = FThrust'Sin(Hcenter)
K; = 05my 'g'ITC _Icf Den (4.46)

I
NT - YT E + T recol

The surge forceX; is calculated from the estimate of the thrust poedl by the tail motiofrris
multiplied by the cosine of the tail centreline tetke into account the reduction in thrust when
manoeuvring. The sway forcé; is represented in a similar way to the surge fageept it is
multiplied by a sine of the tail centreline to puvog a manoeuvring force with the tail is offseteTh
roll term is produced by the recoil motion as showRigure 4.12. Finally, the yaw term consist®of
turning component produced by the moment arm predidry the sway term multiplied by half the

body length and an additional term to representeheil as discussed in 4.6.1.6.
4.6.2 Propeller and Rudder System

There are many different types of propeller usesh@mine applications from the large propellers used
on ocean liners to small propellers used in thradte ROVs and AUVs [Kinet al, 2004]. The main
purpose of the propeller is to develop a direcughiforce to overcome the vehicles resistance to
motion [Burcher & Rydill, 1994].

As discussed briefly in Chapter 3, selection ofomtimum propeller is a complex task. Optimum
propeller selection should investigate all thevafd parameters of the vehicle onto which it halseo
fitted such as the required thrust to weight ratid desired speeds. A suitable propeller is thiaerei
designed or selected using the characteristica fmopeller such as diameter, blade pitch, number o
blades, etc [Tupper, 2004].

The standard equation for the thrust produced Ipyopeller is shown in Equation (4.47) [Fossen,
1994].

T = pD*K; (Jo)|nn (4.47)

In this equatiorT is the propeller thrust (N, is the water density in kghK; is the thrust coefficient,

Jo is the advance number ands the rotational speed of the propeller in fads

The propellers selected for this study are comraftycavailable propellers that have been designed
for model boat/submarines. A bollard-pull [Greed02] test was carried out to obtain the relatiomshi
between the thrust produced, shaft rotation speddtze current drawn. The results for the bollard-
pull test for the propellers investigated are shawippendix A.2. From the bollard pull tests the

thrusts produced by each propeller were estimated. propeller that was selected for use on the
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RoboSalmonvas the 3 blade 50mm brass propeller as it wdldevdor a range similar speeds to the
speeds obtainable from the tendon drive system.

The thrust/speed characteristic measured duringottiard pull test for this propeller is shown in
Figure 4.14 and is measured when the vehicle i®stay.

3 Blade 50mm Brass
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Figure 4.14: Thrust/Rotational speed relationsHip blade 50mm brass propeller

However, during normal operation of a propeller ¥kbicle will be moving and so the water incident
on the propeller will have a velocity associatedhwit. This velocity is called the ambient water

velocity and is represented byand can be calculated using Equation (4.48) [Fps@02].
u, =(@1-wyu (4.48)

Where w is the wake fraction number and is typjcatween 0.1 and 0.4[Fossen 1995] and u is the
surge velocity of the vehicle. The model used torede the thrust produced by the propeller during
operation is the quasi-steady thrust [Fossen, 2008 method uses thrust coefficients to represent
the lift and drag produced by the propeller surdad@etails of this method can be found in [Fossen,

2002]. The equation used for thrust generationgugirs model is shown in Equation (4.49) [Fossen,
2002].
T=T

njn|

n|n| _T\n\

o[l (4.49)

Where n is the propeller rotational speed (revT§ﬂ)ﬂ andT‘ are propeller coefficients that can be

nlu,

calculated using the results of the bollard pusktelata obtained from [Fossen, 2002] and from the
propeller characteristics.
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Using the above method the final equation, withdbefficients calculated, used to estimate thesthru

for the model is shown in Equation (4.50)
Torop = 0.0329%1° - 0.048751U, (4.50)

This method of modelling the propeller system wagduin conjunction with the equations for
modelling a DC motor, given earlier in Equations3@) and (4.37). By doing this it allows the whole
propeller drive system to be represented, fronirtpat voltages to the DC motor to the output thrust

generated by the propeller.

In order for this system to achieve manoeuvresrtiteler is used in conjunction with the force
produced by the propeller. The rudder operatessimdar fashion to a wing on an aircraft, i.e.ths
angle of the rudder is changed relative to an omegrfiuid flow, resulting lift and drag forces are
produced [Perez, 2006].Therefore, the rudder isethed as a foil with a variable angle of attack
which allows the lift and drag to be calculatedngsthe lift and drag coefficients for the partiaula
shape of rudder. The rudder is assumed to reseanbl&RCA 0012 aerofoil and so the lift and drag
coefficients,C, andCp, respectively, can be calculated from available fiatett & Bullivant, 1939].
With the coefficients known for a particular angle attack, the speed of water across the rudder
(assumed to be equal to the surge velocity) andrte of the ruddek, the lift and drag forces can be
calculated using Equations (4.51) and (4.52) [R&2@@6].

1
L rudder =§pAu§CL (4.51)

1
DRudder = E pAUSCD (452)

The diagram in Figure 4.15 shows the location ef tirdder as it is commonly found on ships and

indicates the forces and moments caused by therudd

Figure image has been removed due to Copyrighticisns

Figure 4.15: Diagram of forces and moments prodibgedidder [Perez, 2006]
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Here L is the lift force generated by the rudderjs the angle of attack of the rudd@&@geG is the
vehicles centre or gravity,CG is the distance between t8®©G and the pivot point of the rudder and

r is the rudder roll arm [Perez, 2006].

Mathematically these forces and moments producetidoyudder can be represented in 4 DOF by the

terms shown in Equation (4.53) [Perez, 2006].

Z-1rudder = _DRudder
r =L
2rudder Rudder
(4.53)
Z-4rudder - _rr LRudder

Z-(Srudder == LCG LRudder

HereLruggeraNdDryggerare the lift and drag forces produced by the rudelgpectively in Newtons and

r. andLCG are the dimensions illustrated in Figure 4.15.

As with the propeller system, the model for thederdsystem also contains the equations for a DC
motor with additional positional control so as &piresent the analog servo motor used within the
hardware. The drag forces are represented in the say as in the representation for rigid body drag

within the model for the tendon drive system.

The overall control forces and moments due to tggdler and rudder system are shown in Equation
(4.54).

XT = TProp - DRudder
YT = LRudder (4 54)
KT = _rr I—Rudder

NT = _LCGLRudder

The surge thrusX; is formed from the thrust from the propellgs,, and the drag force produced by

the rudderPruiger The sway force due to the ruddes,qqes iS calculated using the lift force generated
by the rudder as described earlier in this secfitiis lift force also produces a roll momekt, which

is calculated using the lift force multiplied thistdncey,, which is the distance between the COG and
the effective centre of the rudder. Finally, thevy@momentN; is calculated by moment produced by

the lift force of the rudder multiplied by the diste,LCG, which is the distance between the rudder

centre and the vehicle COG as shown in Figure 4.15.
4.7 RoboSalmon State Space Equations

The standard equation of motion for modelling thymainics of theRoboSalmonvehicle, shown

previously in Equation (4.10) can be rearrangeol stdte space form as shown in Equation (4.55):

v=M(z~ClvJv+D(v)v +g(n)) (4.55)
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The complete set atate spacequations for each degree of freedom and all &sdcconstants for

the RoboSalmomwehicle model are given in Appendix B.

4.8 Model Validation & Data Collection

Any mathematical model requires that it be comp#oetie physical system it is describing in oraer t
determine if the model provides a suitable repriediem of that physical system, this is called mode
validation [Murray-Smith, 1995]. In order to caroyit model validation experimental data has to be
collected which relates to the performance of thgsgral system to which the model output can be
compared. If the model output differs significantipm the experimental data then certain model
parameters are tuned to bring the model outpuine with the gathered data. For tReboSalmon
model the parameters that were used to tune thelmade the horizontal and lateral drag coeffigent
for the vehicle and the a, b and ¢ dimensions efpitolate ellipsoid, shown in Figure 4.3, which
represents the vehicle body. This section covergthcess used to validate the mathematical model
of the RoboSalmorvehicle and the method used for the collectionhaf performance data of the

system.
4.8.1 Model Validation

The model validation process comprises of a nurabdifferent validation techniques with the aim of
providing a measure of how accurately the modetesgnts the real system or process [Sargent,
2005]. This section describes the validation pracedised for th&RoboSalmommodel. In order to
validate the model experimental data relating te performance of th&oboSalmorhad to be
obtained. This section starts with description led model validation techniques used and then a

discussion of the laboratory equipment and systesed to obtain the experimental data.

Within this investigation two techniques are usedrhodel validation; the first is analogue matching
and the second is the integral least squares meButld these validation technigques have been used i
practice for validation of mathematical models [fzr&992; Worrall, 2008]. The following sections

provide details of each validation method.

4.8.1.1 Analogue Matching

One of the simplest technigues available for medétation which provides a qualitative measure of
the models accuracy is analogue matching or vigssglection [Gray, 1992]. This technique involves
plotting the time response of the simulation andrtaying experimental response data from the actual
system on the same plot [Gragt,al, 1998]. With the responses overlaid this technitpes relies on
human observation rather than a mathematical dpatidn to determine the accuracy of the model.
One of the benefits of this technique is that itegi a visual representation of the accuracy of the
model. Using this technique of overlaying simulaé@d experimental responses allows for parameters
of the simulation to be altered to determine thst vesual fit of the experimental data and therefor

facilitate validation of the model.
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An example of the analogue matching technique ésvahin Figure 4.16 for an experimental program

conducting straight swimming with a nominal tailabdrequency of 0.38Hz and a nominal beat
amplitude of 0.105m.

p [deg/s]

caudal amp (m)

a0 b 10 15 20 258 e b 10 15 20 28

Figure 4.16: Analogue Matching Validation for Pragr5 (Forward Motion), red trace experimental

data, blue trace simulation

From Figure 4.16 it can be seen that the modelteeappears to correlate reasonably well with the
experimental data. The only parameter which isanciose fit is the surge velocity. This is duelte t

noise found on the experimental surge signal, & time averaged values are compared then a
reasonable match is achieved.

The validation results from the analogue matchieghhique used are shown for a selection of
experimental trials in Appendix C for tiRoboSalmorendon drive model.
4.8.1.2 Integral Least Squares

The other method to be used within this investagafor model validation is the integral least sgsar
(ILS) method [Murray-Smith, 1995]. The benefit dfig method is that it provides a quantitative
measure of the accuracy of the model. In prachievalidation technique is implemented by taking

the summation of the square of the error at eaeliladle data point across the simulation run time,
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shown in Equation (4.56). The error is the diff@emm@t one instance between the simulated response

and the experimental response.
Qm= Y (error?) (4.56)

As is implied from the equation; the smaller theueaof Qmthe higher the accuracy of the simulation.
The validation results from the ILS technique dreven along with the analogue matching results in

Appendix C for thdRoboSalmofendon drive
4.8.2 Data Collection

To facilitate the model validation process desaibesection 4.8.1 experimental data relating #® th
performance of th&oboSalmonvas gathered. Two sources were used to gath#veatequired data
from the vehicle; the first is the onboard IMU déised in detail in Chapter 3. The IMU allows the
roll, pitch and yaw rates to be measured and loggdmbard theRoboSalmoras it swims. This data
allows the angular rates and angular displacemeittsn the model to be validated. The second
source of data is the video camera mounted on abaye the test pool. This camera points directly
downwards at the pool surface and captures videtage of theRoboSalmoras it swims across the
pool. Post processing of the video footage allomes positions and velocities of the vehicle to be
obtained in the Earth-fixed reference frame [Fos2802]. This data in conjunction with the body-
fixed angular velocities allows for validation dfet surge and sway velocities. The following sedion
give more detail on the equipment used within thasa gathering process and the post-processing

used on the data gathered from each source.
4.8.2.1 Laboratory Equipment

As well as theRoboSalmorvehicle itself, all of its onboard sensors andCat® download the sensor
data, a number of other items of equipment have bbegquired to complete the experimental trials.

This other equipment includes:

* A pool of water of sufficient size to allow the wele to obtain a steady state speed and

complete manoeuvres.

» A camera system to allow overhead video footagh®fehicle in motion in surge and sway

to be obtained and analysed.

A pool of dimensions 4.14m x 216m x 0.79m was atadifor experimentation along with a number
of white ceramic tiles of dimension 33cm x 25cmcmver the floor of the pool and provide a
background grid for the camera. A frame construdiedn wood and 40mm PVC tubing was
constructed to mount the camera over the pool.cfupe of the experimental set up is shown in Figure
4.17 below. The depth of water used in the pool elassen to 0.48m due to reasons relating to the
weight of the water within the laboratory. This thepras thought to be sufficient as calculationhef t

Froude depth number was less then 0.12 for theerafigspeeds obtainable for tiRoboSalmon
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[Carlton, 2007; Hydrocomp, 2003]. A Froude deptimber of 0.7 or greater would indicate the water
depth may begin to cause a surge velocity reduchimimg the trials [Carlton, 2007].

Figure 4.17: Set up of laboratory experimental popgnt

4.8.2.2 Camera System

The camera system has been used to obtain motiarralating the vehicles movements in the Earth-
fixed x-y plane. This information, coupled with tbeboard sensor data retrieved from the vehicle
after each run, allows the performance of the \‘ehizc be measured in 6 degrees of freedom with

reference to the body-fixed frame attached to tB&®F theRoboSalmon

The camera used for the video capture is a Sony IIERMIniDV Camcorder [Sony, 2005]. This
camera is mounted on a custom built frame and pdiotvnwards to capture the motion of the vehicle

from above as it moves.
4.8.2.3 Image Processing

In order to obtain usable estimatesx@indy position from the camera information, the videotéme
had to be processed in such a way that the cotedirmd the COG of thRoboSalmorvehicle could

be identified within each frame of the video. Tokeadhis task possible a red circle has been atthche
to the top surface of thRoboSalmorvehicle above its centre of gravity, this can bersin Figure
4.18(a).

Once the video footage has been captured usingatheorder mounted above the pool the first stage
in the image processing is to decompose the Awifile into individual image frames of resolution
240x320 pixels in bitmap format. By doing this lboaed each frame of the image to be analysed
individually to determine the position of the reicte on theRoboSalmorwithin that frame. As

successive frames have been analysed it built epakitional data of the vehicle as time progresses
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The camera recorded with a frame rate of 25 fraperssecond, therefore 25 image frames are

analysed for each second of video with 25 corredingrx-y coordinate pairs per second.

(a) — Original image frame decomposed from (b)— Image with pixels within range of
AVI video captured from camcorder accepted RGB values made white, all others
black

(c) — Morphological opening operation (d) — Original image frame with overlaid blue
circle indicating centre of red circle

Figure 4.18: Steps used in image processing

To determine the location of the red circle witleich frame, a range of red, green and blue (RGB)
values for corresponding to the red pixels witla ted circle was determined manually by averaging
the RGB values from several pixels within three egadVIATLAB code has been written which scans
through each pixel within the image to determinesthibr it was in the range of expected RGB values
for the red circle. If the pixel value is not withihe range it is set to black and if it is withite range

of the expected values then it is set to whitesThibduces a binary image frame which can be used
with the inbuilt functions from the MATLAB Image &tessing Toolbox [MathWorks, 2007].

From experimentation it has been found that usuaily a small number of pixels are detected using
the expected range of RGB values as shown in Figi&b). If the range is increased too much then
numerous erroneous points start to be detectedssadhe frame. At this stage a morphological
operation calleapeningis used which has the effect of smoothing objectaurs [Gonzalez, 2004].

The result of this opening operation is shown igué 4.18(c).
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Finally, in order to determine the centre of theiteshblob the MATLAB commandbwlabel
[MathWorks, 2007] is used to determine whetherdtame any objects within the image frame and if
so how many. Ideally there should either be oneatlijetected, corresponding to the red circle being
in the frame, or zero objects, red circle out wiiib frame. If an object is detected then lthdabel
function returns a matrix containing a label matixthe objects and the number of labelled objects
detected. Figure 4.18(d) shows the calculated ipasitf the centre of the red circle plotted as w@ebl
circle overlaid on the original unprocessed imateis indicates that the process described above
gives a usable method for determining the positibthe red circle on the vehicle. All that has ® b
done then is to scale the calculated position tveseausing the grid produced by the tiles on tberfl

of the pool.

Once the image frame has been analysed, the a#riine red circle on thRoboSalmordetermined
and the resulting coordinates scaled accordingly,process is repeated for all the available image
frames decomposed from the AVI file and an ASCkt fide is produced which contains all tkeand

y coordinate pairs for that particular AVI video.
4.8.2.4. Sensor Data Post Processing

The raw sensor data retrieved from the vehicle aieh set of 5 runs is downloaded and stored as an
ASCII text file which contains the 3200 12-bit ugrséd integer data points for each of the 16 logged
variables per run. The first stage in post procesthe data is to import the data into MATLAB and
scale each variable appropriately to transfornrée unsigned integer value read from the ADC into
the correct units such as Volts, Amps, radstc. The data from the onboard sensors are thered
using an averaging function to eliminate any highgéiency noise present. A complete data set
collected from a sample run of thioboSalmorvehicle is shown in Figure 4.19 and Figure 4.20.
Figure 4.19 contains the logged onboard sensoimgaeénd Figure 4.20 contains the positional data

from the raw image processed video footage.
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Figure 4.19: Selection of logged onboard sensatinga for sample run dkoboSalmorvehicle
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Figure 4.20: Raw position data from image proceagsirvideo footage

In order to simplify the process of comparing thatad collected from numerous runs, all the
measurement values should be given with respetietdody fixed frame. This task is simple for the
onboard sensors as they produce measurements ibothe fixed frame. However, as previously
mentioned the x-y information obtained from the eaanis in the Earth fixed frame therefore a

translation is required to give the x-y positiomdibrmation with respect to the body fixed frame.

The standard transformation matrix to convert bfixiyd velocities to Earth fixed velocities, shown i

Equation (4.55) [Fossen, 1994] can be used by gakininverse as shown in Equation (4.56). This
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then allows the calculation of the body-fixed vdties from velocity data obtained in the Earth-fixe

frame.

,71 = Jl(’72)U1 (457)
v, =3,(7,)7'n, (4.58)

From experimentation, the body-fixed angular velesi (,) and the Earth-fixed positions;j are

known. The Earth-fixed velocities can easily beed®ined by numerical differentiation gpis also

known. From Equation (4.58) it can be seen thattthesformation matrixJ; requires the angular
position data in the Earth-fixed frame. This infation can be determined using a Predi€orrector
method [Matko, Karba & Zupancic, 1992] which ugsinitial conditions for the angular positions in
the Earth-fixed frame and the angular velocitiesrfrthe sensors measure in the body-fixed frame.

These are used to predict the velocities in théhHated frame.

Once this has been carried out all the measurezheders are given with respect to the body-fixed
frame and this allowed the data to be analysed camdpared in more detail. This analysis and

comparison along with a selection of the resulfgésented and discussed in Chapter 5 and Chapter 6

4.9 Summary

This Chapter has described the development of ththamatical model for the dynamics of the
RoboSalmowehicle which includes modelling the individuabpulsion systems investigated. Firstly,
the state space modelling technique used for thdehgimulation is discussed including a flowchart
of the simulation together with the two relevanferences frames and the various variables used
within the model have been defined. The rigid balyynamics of the vehicle are then described
starting with a definition of the equations of naotiin six degrees of freedom followed by a
discussion of the terms used for representing tyerddynamic added mass, gravitational and

buoyancy forces, and the hydrodynamic damping ag force.

The modelling of each propulsion system investigasethen discussed starting with the tendon drive
system, followed by the propeller and rudder systfithin the discussion of each propulsion system
the characteristics and properties of each systerhighlighted and explained such as the estimfate o
the thrust produced and for the biomimetic tailigcdssion of how the recoil motion is modelled is

included.

The model representation of the actuated headeis discussed followed by the overall state space
equations for the models. The vehicle kinematies ewvered which shows how the velocities

calculated within the body fixed frame are traresfiatio the Earth-fixed reference frame.

Finally, the techniques used for validating the sloabainst the experimental results are described
along with the experimental set-up and sensormostessing used to obtain the data. These valiatio
techniques give both a qualitative and quantitativethod for comparing the simulation of the

mathematical model with the experimental resultsioled from the real system.
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Chapter 5 — Experimental Results: Forward Motion

5.1 Introduction

One of the aims of this project is to investigdte benefits of underwater propulsion systems which
mimic the propulsion technique utilised by mosthfidfo this end a prototype vehicle has been
developed as described in Chapter 3. In order tvacherize the performance of this vehicle, the
RoboSalmonhas been put through an extensive set of expetahgials. These trials have allowed

the performance and characteristics of the veliche determined for forward motion.

This Chapter presents and discusses the resulthddRoboSalmorwvehicle for forward or surge
motion using its biomimetic tendon drive propulsgystem. The two main variables that can alter the
performance of the tendon drive propulsion systerfoiward motion are the tail beat frequency and
the tail beat amplitude. The effect of varying #hesvo parameters is investigated and the
corresponding results are presented. These aretosadalyse the effect each has on the forward
motion of the vehicle. In addition, a comparison tbé swimming performance obtained from

RoboSalmomand real atlantic salmon is presented in terngpeéd and power output.

As discussed earlier one of the unexpected chaistate of the vehicle is the amount of recoil moati
present when th&oboSalmons swimming. Results are presented which indithageextent of this
recoil motion along with a discussion of the relaships between this recoil and the other parasieter
of the tail propulsion system. An attempt has beaade to compensate for this recoil motion in yaw
and roll usingRoboSalmon’sictuated head. The results of using the actuatad thilst undertaking

forward swimming are presented and discussed.

Finally, the performance of the biomimeRoboSalmowehicle is compared with the performance of
a system of similar dimensions but using a propdthe forward motion. For this comparison the

speed and efficiency of each system is evaluated.
5.2 Experimental Procedure

The experimental apparatus used for the trialshefRoboSalmorvehicle is described earlier in

Chapter 3. Each experiment was repeated five tanesaverage values calculated. This would allow
for an indication of the errors expected in theultssusing the standard deviation and standard erro
and was the maximum number of runs that could bepteted in the available time frame. Using this

analysis indicated that the maximum expected énrtive measured velocities was + 0.0Tms

A detailed discussion of the experimental set wgglugas covered in Chapter 4 and a flowchart of the

experimental procedure for carrying out five rumishown in Figure 5.1 below.
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Figure 5.1: Flowchart of experimental procedureS@xperimental runs
The experimental procedure, illustrated visuallghia flowchart of Figure 5.1 has been used to obtai

all the results from th®oboSalmorvehicle. The first two stages deal with settingthe laboratory

equipment, namely the camcorder system and the w@mpunning the MATLAB GUI. The next
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stage is to determine if tHtoboSalmon’®nboard data logger is blank; if not then an emmaration
was carried out by connecting the handset umbilcéhe vehicle and sending the erase command via
the CAN bus.

At this point theRoboSalmons powered up by connecting the on/off plug arel ttggle switch on
the handset is set to ‘PC’. The next stage isgbttee data link between the MATLAB GUI and the
RoboSalmonThis is achieved by pressing the buzzer buttotherGUI and waiting for the buzzer to

sound on the vehicle.

After successful testing of the data link by meahthe buzzer, the required program can be selected
on the MATLAB GUI. The vehicle will then buzz a nber of times equal to the program selected.
There is then a delay of 20 seconds to allowRbboSalmorto be positioned at the correct position
within the pool. The correct positioning dependgtmprogram being selected, but for the majority o
the forward motion experiments the initial positisnthe position where the red circle on the top of
RoboSalmoiis just visible in the frame of the camcorder ddgream. At this point the video capture
should be started. Each program for the forwardanagxperiments last 32 seconds. This comprises
3.5 seconds of stationary motion at the start,e2®isds of swimming and 3.5 seconds at the end with
the tail in its centre position. The start of th2 &cond run is indicated by one buzz from the
RoboSalmonvith the end being indicated by a double buzzeAfhis double buzz to indicate the end
of the program the video capture should be stogpetithe AVI file stored and named so it can be
matched up with the onboard logged sensor data lakés process can then be repeated up to five
times to log the data from up to five programs. ©tlee required number of programs has been
completed thdRoboSalmoris then removed from the test pool, placed orbtvech and connected to
the handset via the umbilical. With the serial aaptprogram running on the PC connected to the
handset the download command is sent to the vekiial&C AN which will initiate the process of
transmitting the contents of the data logger veagérial port to the PC for storage. Once the doadhl
has been completed the text file containing thgédgsensor readings is saved and named so it can be

matched with the corresponding AVI video files loé truns.
5.2.1 Experimental Programs

In order to evaluate the forward motion charactiessa set of twenty different parameter sets were
tested experimentally. For the purposes of thigudision each parameter set is referred to as a
program Table 5.1 indicates the parameters used in efitie twenty programs used. The parameters
outlined in this table are the desired values ebéhparameters which are sent to the tail propulsio

system.
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Table 5.1: Tendon drive tail parameters altereddoward motion experiments

Desired Desired
Amplitude Frequency
Program (m) (Hz2)
1 0.105 1.56
2 0.105 0.88
3 0.105 0.61
4 0.105 0.47
5 0.105 0.38
6 0.077 1.56
7 0.077 0.88
8 0.077 0.61
9 0.077 0.47
10 0.077 0.38
11 0.034 1.56
12 0.034 0.88
13 0.034 0.61
14 0.034 0.47
15 0.034 0.38
16 0.150 1.56
17 0.150 0.88
18 0.150 0.61
19 0.150 0.47
20 0.150 0.38

These particular nominal tail beat amplitudes ws=lected for two reasons. Firstly, because 0.077m
and 0.105m are in the approximate range of beatimaps used by real fish i.e. around 10% of the
body length of the fish. Secondly, these valuestedl to the servo command signals of 25, 50, 75 and

100 used sent to the servo control board and diegbthe control firmware used.

When a number of these programs were tested theede®sponses cannot be achieved due to
limitations of the actuator in the tendon drivd, taamely the servo motor. This only occurred imeo

of the programs with the higher frequencies ancharacterized by the desired amplitude not being
reached during each tail beat cycle. However, avaiter the conditions of actuator saturation the
results from these programs can still be partialtjlized for characterization of the vehicle

performance.

Each program is executed a minimum of five timealtow average performance for each program to
be determined. A complete set of data obtainea figpical run of Program 5 is shown in Figures 5.2
and 5.3 below to illustrate the extent of the dgdtéhered in a single experimental run. During this
particular experiment thRoboSalmors instructed to swim in a straight line startingm a stationary

position.

The data obtained from the image processing ot#meera data is shown in Figure 5.2, which shows
the x-y positional data of the path followed by tkehicle during the experiment and the
corresponding surge and sway velocities derivednfraumerical differentiation of the low pass

filtered positional data. Figure 5.3 shows the eemkata with individual values for each parameter,
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including the linear accelerations, angular ratai$,position, current and voltages sensed duritg t

experiment.
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Figure 5.2: Data gathered from image processirgapfured video footage of the tendon drive vehicle
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Figure 5.3: Sensor data logged onboard the tendea wkehicle for Program 5.
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The data shown in these figures illustrate theediffice in the data length obtained from the camera
system and the onboard sensors (21 seconds ofadatee image processing and 32 seconds for the
onboard sensors). As discussed previously thisiéstd the limited field of view of the camera which
is only able to view an area of the pool approxghatl.68m by 1.22m whereas the onboard sensor
system was capable of logging the full 32 secorfdsach experimental run. This means that the
length of data obtained from the camera is depdrmieithe speed of the vehicle i.e. at higher speeds
the vehicle swims out of the field of view quick&ue to this limited field of view of the video
camera used for the video acquisition B@boSalmons started out of the field of view to allow a
greater distance for the steady state speed tolevad. In order to allow for the start up transseto

be analysed at least one of the runs in each progis started in the camera field of view.
5.3 Tail Beat Frequency & Amplitude

Much of the literature on fish swimming indicateattthe swimming speed relies on several variables
relating to the movement of the fish tail [Videl&893; Hoar & Randall, 1978]. For the tendon drive
system the two variables that can be altered faigétt swimming are the tail beat amplitude and
frequency. One of the aims of these forward moggperiments was to determine the relationship

between tail beat frequency, tail beat amplitudd @arerage forward swimming velocity.

A subset of the twenty experimental programs, shawiable 5.1 was used to investigate this
relationship. These twenty programs include foffiedént tail beat amplitudes, each being evaluated

at five different frequencies.

However, at the higher frequencies it has beenddhat actuator limitations became apparent and the
desired tail beat amplitudes were not reached withe tail beat cycle. The programs where this
occurs are excluded for this comparison as argtbgrams using the smallest amplitude where the
movement of the vehicle using these programs igiely small. The average forward motion for the
remaining nine programs is shown graphically inuiFég5.4 with the error bars indicating the range of

results obtained for the five runs of each expentaeprogram.
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Figure 5.4: Plots of surge velocity versus tailtdesquency for three different tail beat amplitade

with no actuator saturation

From the graph in Figure 5.4 two important trends the tendon drive system can be observed.
Firstly, for a constant tail beat amplitude it dag seen that as the frequency increases the average
forward velocity increases. Secondly, with constailtbeat frequency it can be seen that increasing

the tail beat amplitude also increases the surlpeite

In order to be able to use the experiments in wisictuator saturation occurred the data must be
displayed on a 3D plot as shown in Figure 5.5 konafor the differing tail beat amplitudes obtained

Figure 5.5 gives a visual indication of the taiabparameters that caused actuator saturation.

With no actuator saturation the slope of the 30 [@oeasonably constant. However as the frequency
increases above 0.88Hz the gradient of the slofheces for the lower beat amplitudes (<0.12m) and

peaks for the higher beat amplitudes.
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Figure 5.5: 3D plot of all useable forward moti@sults including those with actuator limitation

present

During these experiments one interesting aspettteomotion of the caudal fin motion was observed.
Due to the flexibility of the caudal fin as the dem tail moved from side to side the caudal fintben
the opposite direction. This was due to the dragef@roduced by the surface area of the fin asaihe
moves it through the water. An illustration of thisnding is shown in Figure 5.6. When viewed from
above this bending of the caudal fin and associt#dnotion produced an approximate undulatory

motion.
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Figure 5.6: lllustration of caudal fin bending digione complete tail cycle

5.3.1 Comparison to Real Salmon Performance

One of the aims of this research was to determiiree benefits of using a biologically inspired
propulsion system over conventional underwater gisdpn systems. However, it is also important to

determine how the performance of the system corsgarthe biological system being imitated.

From the data available it is apparent that thegjoged achievable by the tendon drive system is
substantially lower than the 2 body lengths pepsdajuoted as the maximum sustained swimming
speeds for atlantic salmon [Tang & Wardle, 1992jisTis due to the limitations of the servo motor
actuator used within the tendon drive system wiiioits the tail beat frequency of operation to less

than 2Hz which is a fraction of the beat frequestiat real salmon are able to achieve.

Therefore, a better comparison is between the pedioce of the tendon drive system and a real
Salmon at similar tail beat frequencies and amgéitu Unfortunately, the data available on salmon
swimming with tail beat frequencies in this sub-2btat frequency range is limited. However, it is
possible to make an estimate using the assumgtairvthen salmon swim they strive to maintain a

Strouhal number within the range for efficient swming [Triantafyllou & Triantafyllou, 1995].
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Using this range of Strouhal numbers (0.25 to Ocgted for efficient swimming and comparing
relative similar beat amplitudes for tHRoboSalmorand real salmon an estimate of the relative

performance of thRoboSalmono a real salmon can be approximated as showiyimd=5.7.
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Figure 5.7: Comparison of estimated speed of iahtéc salmon of identical size ®oboSalmon
Estimated range of real fish swimming speed (betwed dashed lines), real Salmon swimming data
points (green points), experimenBbboSalmorspeed data points (blue points), extrapolated

RoboSalmorswimming speed (dotted line),

The swimming speed presented in Figure 5.7 is gingarms of body lengths per second in order to
account for the different sizes of the salmon amelRoboSalmornvehicle. It is possible to do this
because the information available on the Strohaiber for fish swimming is independent of the body
length of the fish [Triantafyllou & Triantafylloul995]. The tail beat amplitudes of tR@boSalmon
used for the comparison in Figure 5.7 is 0.105mctviis comparable to the beat amplitudes used by
real fish. Real fish tend to have a tail beat atageé of around 10% of their body length when

swimming at a steady speed [Videler, 1993].

The comparison shown in Figure 5.7 indicates thatforward swimming speed obtainable with the
RoboSalmonwehicle is less than the minimum estimated swingnsipeed of a real salmon by around a
factor of 3.2. This discrepancy in the swimming exfse is expected as there will be areas of the
RoboSalmonwhere there will be power losses due to the mdchbmature of the prototype.
Examples of where such losses will occur are inDieservo motor which at best is around 53%
efficient [Mabuchi Motor, 2009], there will be lass in the force transmission of the tendons to the
caudal fin and also in the way the thrust is geteeray the tail as the kinematics of the tail aaddal

fin are not identical to that of a real salmon. fEha@re also hydrodynamic losses due to the
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RoboSalmomot being perfectly streamlined in shape and Kie 130t having the same properties as

real fish skin.
5.3.2 Tendon Drive Start Up Characteristics

Another interesting aspect of the motion of thedtendrive system is the starp characteristics or
start up transients. These start-up transients haga measured during the same experiments used to
characterize the forward swimming motion. A sestafrt up transients for a typical run of Program 18

(amplitude 0.15m and frequency 0.61Hz) is showRigure 5.8 below.
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Figure 5.8: Start up characteristics in surgeand swayy, for typical run of Program 18

The results in Figure 5.8 show the time taken lierRoboSalmorno reach its steady-state surge speed
with the tail parameters of Program 18. Perhapgribst obvious aspect of these transient results is
the presence of recoil motion produced as thentailes, as discussed earlier in Chapters 3 andig. Th
recoil motion presents itself as a ripple superiggobon the surge velocity. This is due to the tiaat

the tail motion does not produce a constant thuuslike other conventional forms of underwater
propulsion, the thrust produced by a fish tail @arbver one tail beat cycle and is usually exprebse
terms of the time averaged thrust averaged ovearaktail beat cycles [Videler, 1993]. The velocity
in sway also shows the presence of this recoil anotiith the velocity oscillating about the zero

velocity value.

Shown in Figure 5.9 are the surge start up tratssiem a number of different programs to illustrate

the effect of different tail beat frequencies.
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The start up responses shown in Figure 5.9 shotathbahigher tail beat amplitudes produce greater
start up accelerations. It also highlights thati@ beat amplitude of 0.105m and 0.15m that thedgte
state velocity was not reached within the time thatRoboSalmorwas in the field of view of the
camera. For the 0.15m tail amplitude only 12 sesmfdlata was collected before the vehicle left the

camera field of view.

Another observation is that although RReboSalmowehicle tends to swim in an approximate straight
line it tends to deviate initially from its headiimgthe stationary position. This deviation is #itated

graphically in Figure 5.10. The reason for thisiddon has been due to the initial movement of the
tail however when numerous runs are compared ihsélat the deviation direction is independent of

the initial tail motion as shown in Figure 5.10.

It is thought that this deviation is most likelyusad by the method used to calibrate the centtieeof
tail prior to a set of experiments. One disadvamtaigthe tendon drive system is the difficulty et
exact centering of the tail in the same positiom irepeatable fashion. This is due to the desigh an
construction of the tendon drive system which poediia number of factors which affects the centre
position of the tail. The two main factors are tightness of the tendon wires and the positionihg o
the tail skin. In modelling the tendon drive systdrma tendon wires are assumed to be inelastic, i.e.
they remain the same length. This is a reasonasengption as they are made from stranded steel
wire. However, during operation the tendon wires tnought to increase in length slightly as they

age, which eventually causes them to break. Whisrhdppens they need to be replaced and the talil
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system centre position recalibrated. The othermfaist the positioning of the tail skin; at the esid
every day of experimenting thRoboSalmorhas been dismantled to determine if any leaks had
occurred during operation. This dismantling invalvemoval of the tail skin. When the tail skin is
replaced prior to commencing the next set of riewery effort is made for the tail skin to be
positioned in the same position. Naturally, thigeleof accuracy is difficult to achieve in practice
Also, the forward motion results presented wereiolkd over a period of approximately two months.

Therefore, the slight changes in conditions fromp ttaday could contribute to the variations in the
observed results.
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Figure 5.10: Trajectories of 5 runs of various pamgs indicating the x-y position data (top row) and

corresponding initial tail movement (bottom row)

5.3.3 Strouhal Number

As discussed in Chapter 4, one important charatiefor efficient swimming is the Strouhal number
[Triantafyllou, et al, 1993] which should lie in the range of 0.25 t83).The data collected during
each experimental run for forward swimming allowug Strouhal number to be calculated for each

combination of tail beat frequency and tail beatpltade for the tendon drive system. Table 5.2
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shows the numerical values of the parameters usedltulate the Strouhal number for the tendon

drive system.

From these Strouhal numbers, shown in Table 5.25 @pparent that none of the experimental
programs result in a Strouhal number which liegsh@ quoted range for efficient swimming. One
reason for this is that fish very rarely appeaswam at low velocities in the range obtainable frira

RoboSalmonlf they do want to swim at low speed, from obs¢ions and from the available

Table 5.2: Calculation of Strouhal number of fordvawimming with tendon drive system

Program Frequency | Amplitude V?at:)rgi?y Strouhal
(H2) (m) Number
(m/s)

1 1.56 0.075 0.1496 1.55
2 0.87 0.088 0.1511 1.01
3 0.61 0.105 0.1220 1.05
4 0.47 0.105 0.1097 0.899
5 0.38 0.105 0.0951 0.879
6 1.56 0.058 0.0703 2.574
7 0.88 0.068 0.1155 1.067
8 0.61 0.077 0.0884 1.021
9 0.47 0.077 0.0723 1.001
10 0.38 0.077 0.0607 0.964
16 1.56 0.107 0.1461 2.228
17 0.86 0.117 0.1913 1.040
18 0.61 0.150 0.1851 0.989
19 0.47 0.150 0.1460 0.945
20 0.38 0.150 0.1291 0.912

literature, they appear to use a burst-coast mailinich has an initial burst of tail oscillation imived
by a period of gliding [Videler, 1993]. This swimmgj style is a method in which fish can reduce the
energy required for swimming at slow and high swingspeeds [Videler, 1993].

5.3.4 Power

As previously discussed one of the objectives af tbroject is to determine the swimming
characteristics of thRoboSalmonThe most important characteristics not yet disedss the power

requirements and the swimming efficiencies ofRodoSalmorehicle.

In relation to the propulsion of ttiRoboSalmonhe power can be calculated at two stages. Theidir
the input power supplied to the propulsion systanthe form of electrical power supplied from the

battery, the second is the actual useful swimmimgegy of the vehicle as it moves.

The input power supplied to the propulsion systemmeasured as described in Chapter 3 by logging
the onboard battery voltage and supply currenhetail propulsion system. A plot of the logged
voltage and current measurements, including qumrtscerrent, for a typical run of Program 18 is
shown in Figure 5.11 below.
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Figure 5.11: Typical plots dRoboSalmotail current (top), battery voltage (middle) arayer
consumption (bottom) for Program 18

Figure 5.11 indicates that the power consumed bytehdon dive system is not constant but varies
dramatically with the motions of the tail. The catinput power used for each of the experimental

programs used for each of the surge experimestsown in Figure 5.12.
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Figure 5.12: Electrical power input to the tendoivelsystem for each of the nine experimental

programs used to investigate surge performance
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Before moving onto the second stage it is intemgstib look at the power consumption at this stage i
more detail. When the power consumption is plo#tgdinst the tail position, shown in Figure 5.13, it
is interesting to see that the maximum power compgiam occurs just after the tail has passed through

its centre position. This coincides with the maxmmuotational speed of the DC motor within the
servo.
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Figure 5.13: Plots of tail servo motor positionpftavith tail centre position in yellow, propulsion
system current (middle) and corresponding instadas power consumption (bottom) for a typical

run of Program 18 for three tail beat cycles

Peak currents appear to occur when the servostghssing through its centre value. This is most

likely because as the servo motor passes througtcehtre value the DC motor within the servo
system is rotating at its fastest.

The output swimming power can be estimated usiagetationship between the propulsive force and

surge velocity shown in Equation (5.1) [Young & €&denan, 2000]. The swimming power is the
actual useful power output of the system.

Pswim = F-U (5.1)

HereF is the force (N)u is the surge velocity (1 andPs,imis the power (W). In order to be able to
estimate the swimming power an estimate of thesthpwoduced by the tail is required. This thrust
estimate is calculated using Lighthill's Large Amydle Elongated Body Theory [Lighthill, 1970]
discussed in Chapter 2. A study into the power wuti Atlantic Salmon used this method to estimate
the power output using the kinematic parameterghefSalmon fin motions captured from video
analysis along with the forward velocity [Tang & Wilke, 1992].
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Figure 5.14 illustrates the estimate of swimmingveousing the method outlined above for the nine

experimental programs used in the investigationrevaetuator saturation did not occur.
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Figure 5.14: Surge swimming power calculated uaim@stimate of thrust produced using Lighthill's
large amplitude elongated body theory and the nmedssurge velocity for each of the experimental

programs.

The swimming power estimates shown in Figure 5nticate that the relationship between the surge

velocity and swimming power appear linear as exgbfir each tail beat amplitude tested.

5.3.4.1 Real Salmon Power Output

One of the potential benefits of biomimetic undegewgpropulsion is that it is more efficient than
conventional propeller systems. In this study tlosver requirements of a propeller/rudder based
system is compared to the biomimetic approach. Weweone other interesting aspect is how the
biomimetic system compares to a real fish.

The power output of swimming fish is of interesbiologists and there have been a number of studies
on the subject [Webb, 1971; Altringham & Johnstt®90]. There are two different biological ways in
which the muscle power has been estimated, fitstigg the amount of oxygen consumed by the fish
under experimental conditions [Wardle, 1975; Vide#995] and secondly from the mass of red
muscle tissue present in the fish [Altringham & dston, 1990]. The second method is simpler and
allows for a rough comparison between real fish #agdbiomimetic vehicle therefore this method is
used as a basis for the comparison in this study.

Most fish have several types of muscle fibre, haavawo types are predominantly associated with
propulsion namely slow red fibres and fast whibeds [Videler, 1995]. Each of the fibre types have

different property that is used in different moagsswimming. The fast white fibres are the most
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powerful fibres but become exhausted after a sHaration, therefore these fibres are used in
swimming with a high tail beat frequency (5-7Hz}j &hort burst durations [Tang, & Wardle, 1992].

The red fibres produce their maximum power outgutowver tail beat frequencies (approximately

2Hz) and therefore are more suited for low speethied swimming [Tang & Wardle, 1992]. The

contribution from the slow red fibres to high spdeenst swimming is considered negligible [Tang &

Wardle, 1992].

Due to the mechanics of tiRoboSalmoiits tail beat frequency is limited to less tharzlMo obtain a
fair comparison would be to that of a real salmbrdentical size, swimming at low speed using only
its red muscle fibres. A maximum value of 5-8Wkig quoted for the mass-specific capacity of red
muscle tissue in fish [Altringham & Johnston, 1990 it is assumed that for salmo salar 3-4% of
body mass is red muscle tissue [Tang & Wardle, L9938s value is estimated for the fish swimming
at its maximum sustained swimming speed whereasgimed that all the red muscle tissue is used
and that no other muscle type is involved [Tang &ardle, 1992]. For a salmon of identical
dimensions to th&oboSalmorthe estimate for maximum swimming power output Mdoe in the
range 0.788-1.26W for its maximum sustained swingndpeed. The useful swimming output power
of theRoboSalmonwehicle is substantially lower than this.

In order to estimate power output at slower spdéleals the maximum sustained swimming speed, the
relationship that swimming power varies as the cobéhe velocity is assumed [Tang & Wardle,
1992]. Figure 5.15 shows a plot of estimated swingnipeed for a salmon of identical dimensions to
theRoboSalmowehicle.
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Figure 5.15: Estimates of salmon swimming poweswinming speed. Estimate based on real
salmon of identical dimensions to tReboSalmorehicle swimming at low speed using only red

muscle tissue.
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The estimate of swimming power output for a reéihsa of similar size to th&oboSalmorvehicle
shown in Figure 5.15 indicates just how much lotter power to velocity ratio is for the biological
fish over the mechanical replicant. When the agbosber outputs for similar speeds are compared, as
can be seen in Table 5.3, the power used by thedial system for similar swimming speeds

appears to be around a factor of 100 less thaméuohanical system.

Table 5.3: Comparison of estimate of output swingypowers folRoboSalmowehicle and atlantic

salmon
Velocity (m/s) RoboSalmon Swimming Salmon Power Estimate (W)
Power (W)
0.130 0.054 0.00041
0.146 0.079 0.00063
0.185 0.110 0.0013

This large discrepancy is not unexpected as it dvbel very unlikely that a mechanical system would
be able to replicate the performance of a bioldggatem. Reasons for this discrepancy are the same
as the reasons presented for the discrepancy isutge velocities, namely the inefficiency of the
servo motor, power losses in the mechanics of yees and hydrodynamic losses due to the vehicle

not being perfectly streamlined.
5.4 Recoil Motion

The recoil motion of the tendon drive system hasaaly been highlighted in a number of the results
presented already. For example in the surge any stag up velocities shown in Figure 5.8 the recoi
motion present is in the form of a ripple in thegauvelocity and an oscillation in the sway velgcit
The x-y positional data in Figure 5.2 shows thedfthe recoil motion has on the trajectory, iather
than travelling in a straight line the centre ofssi@appears to oscillate about a centre point which

produces the wave like trajectories.

As well as being visible on the swimming trajectdigr surge and sway velocities the recoil motien i
also present in the yaw, roll and pitch angulaoeiles. This recoil in yaw, roll and pitch is idtrated
in Figures 5.16, 5.17 and 5.18 respectively whibbws typical run data for all 15 experimental

programs used.
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Figure 5.16: Typical yaw rate(deg/s) experimental data from runs of all 9 expental programs
without actuator saturation. Each row contains o with the same tail beat frequency and each
column has the same tail beat amplitude. i.e.d€ipd the smallest beat amplitude with the highest

frequency and bottom right is the largest beat dog# and slowest frequency.

From all the graphs of the yaw rates shown in FEgbrl6 the recoil motion is apparent as the
oscillation about the zero value. These graphs shatvas the beat amplitude increases the peak yaw
rate obtained also increases. However, increasiadbéat frequency with a constant beat amplitude

does not appear to have as much of an effecteringlthe beat amplitude.
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Figure 5.17: Typical Roll ratp (deg/s) experimental data from runs of all 9 expental programs
without actuator saturation. Each row contains o with the same tail beat frequency and each
column has the same tail beat amplitude. i.e.d€ipd the smallest beat amplitude with the highest

frequency and bottom right is the largest beat aug# and slowest frequency

The peak roll rates shown in Figure 5.17, like ylag rates of Figure 5.16, appear to increase with
increasing tail beat amplitude. However, this iaseis not as pronounced as the increases prasent i
Figure 5.16. Also, as the beat frequency is in@édlere is an apparent increase in the peakateall r
Another interesting aspect about the roll ratabas at the lower beat frequency the shape of taphy

is altered.

The pitch rates, shown in Figure 5.18, show thatdtfiects of recoil are not as prominent in this ax

However, the pitch rates obtained do appear teass with both beat frequency and amplitude.

From all the angular rate results presented inregb.16, 5.17 and 5.18 a number of relationstaps c
be observed. The axis affected least by the rewaiion is pitch as can be seen by comparing theethr
figures. To look at these relationships in moreaili¢he typical peak amplitude of the oscillatians

each angular degree of freedom are shown in Figd&
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Figure 5.18 — Pitch ratg(deg/s) experimental data from runs of all 15 expental programs. Each
row contains Programs with the same tail beat f#aqy and each column has the same tail beat
amplitude. i.e. top left is the smallest beat atogk with the highest frequency and bottom righhées

largest beat amplitude and slowest frequency
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Figure 5.19: Quantitative comparison of magnituofecoil effects in roll, pitch and yaw angular
velocities for straight swimming. The blue pointglicate a nominal tail beat amplitude of 0.075m,

green points a nominal amplitude of 0.105m andpadts a nominal beat amplitude of 0.150m.

The plots in Figure 5.19 show quantitatively thdatienships between the amplitude of recoil

oscillation in each of the angular degrees of foeedor the programs with no actuator saturation. Fo
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the roll angular velocity), as the frequency increases, the maximum angelacity increases. The
roll rate also appears to increase with increabgy amplitude. However, with the limited number of
data points obtained it is only possible to deteemielationships over the frequencies tested. Fcin p
angular velocity, similar to roll, as the frequenogreases with the tail beat amplitude remaining
constant the maximum amplitude increases in atdifeshion. The relationship between yaw rate and
frequency is different in that it appears from thié beat frequency and amplitude combinationsetést
that the maximum amplitude of the yaw rate is rifeicéed significantly by changes in frequency. The
yaw angular velocity is more dependent on the begilitude i.e. as the beat amplitude increases the

yaw angular velocity increases.

Using the angular velocities measured using the MEAfle gyroscopes the angular displacements can
be calculated by integrating the angular rate deéa time. This provides a more intuitive measure o
the recoil motion in terms of the angular displaeatfdeflection of the body in relation to the tail
movements. The angular displacements in roll, pitat yaw for the experimental programs with no

actuator saturation occurring are shown in Figu2®5
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Figure 5.20: Quantitative comparison of magnituofecoil oscillation effects in roll (phi), pitch
(theta) and yaw (psi) angular displacements faigitit swimming. The blue points indicate a nominal
tail beat amplitude of 0.075m, green points a namamplitude of 0.105m and red points a nominal

beat amplitude of 0.150m.

The pitch angular displacement is the smalleshettiree angular displacements which is expected as
the pitch angular velocity is the smallest of theeé velocities. The relationship between roll angl
and frequency is difficult to determine from theaaollected. However the relationship between the
roll angle and amplitude appears to show thatdHengle increases for increased tail beat angiditu
Finally, the relationship between the recoil yawglanand the beat frequency appears to clearer than
the pitch and roll relationships. As the frequeinmogreases the amplitude of the oscillations in yaw

angle decreases in a linear fashion for each ¢ail Amplitude tested.
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5.4.1 Phase of Recoil

In order to determine the tail motions that prodtiee recoil and to better understand the motion the
phase of the recoil has to be investigated. Figu2é indicates the relative phases of the tail ompti

sway velocity, the yaw rate and the roll rate.
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Figure 5.21: Comparison of phase between tail motateral velocity, yaw angular velocity and roll

angular velocity.

From the phase comparisons in Figure 5.21 it casdam that the four variables shown are not in
phase. The sway velocity is ©0ut of phase with the tail motion i.e. the maximsway velocity
occurs when the tail is passing through its cepoigtion. This point of maximum sway velocity also

corresponds to the point where the tail moves $agte. in the middle of the sweep of the tail).
5.4.2 Power Expended due to recoll

As the tendon drive propulsion system onfRaboSalmomwehicle is actuated it provides a surge force
but also produces recoil motion as discussed inptegious section. One of the objectives of this
study is to investigate the power consumption affidiencies of swimming. As the recoil is an

undesired effect of propulsion using the tendoreadsystem it would be of interest to estimate the

energy lost due to this recoil motion.
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The method used to estimate the energy lost inr¢kbeil motion is to use the rate gyro data to
determine the angular kinetic energy using Equato?) wherek, is the kinetic energy of the vehicle
in that degree of freedom in Jouléss the moment of inertia in kfnandw is the angular velocity in
rads’.

1

E, = 5 | (5.2)

The moment of inertia used in Equation (5.2) depem which angular degree of freedom is being
investigated. For the calculation of the momentneftia in roll the body is assumed to be a solid
cylinder with radius equal to the maximum horizémtadius of theRoboSalmorvehicle and the axis
of rotation parallel to the centre axis of the ngkr. A similar assumption is made for the estiomati
of the moment of inertia in yaw but the axis ofatan of the cylinder is perpendicular to the centr
axis of the cylinder and the cylinder is assumeddothe same as tHRoboSalmorvehicle. The
equation used to estimate the moment of inertiaoih is shown in Equation (5.3) [Young &
Freedman, 2000] and for yaw in Equation (5.4) [Haney & Topping, 1961]; wherm is the mass of

theRoboSalmowehicle in kgr is the maximum horizontal radius of the vehicld ans the length of

the vehicle.
mr?
I roLL = T (5-3)
o == m@r2 +h?) (5.4)
YAW 12 '

Once the kinetic energy has been calculated for rémmil motion the power is obtained by

differentiating the energy as power [Young & Freadn2000].

The average power expended in the recoil motiawlirand yaw is shown graphically in Figure 5.22.
This indicates that the recoil motion in yaw expemnabre power than the roll recoil motion. It also
shows that the recoil power consumption in rofbiisportional to both the tail beat frequency aral th

beat amplitude whereas the power used in yaw appedre less dependent on the beat frequency.
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Figure 5.22: Average power expended for recoil oroth (a) Roll and (b) Yaw. The blue points
indicate a nominal tail beat amplitude of 0.075meeq points a nominal amplitude of 0.105m and red

points a nominal beat amplitude of 0.150m.

When these estimated results for power are compaitbdthe power input power consumption for
forward swimming shown in Figure 5.14 it can bersttt the power expended in the recoil is greater

than the useful swimming power used the surge titirec

The results presented and the associated discasaimut the recoil motion in the previous sections
thus far have attempted to ascertain the relatipadtetween the tail motions and the recoil motions
in roll, pitch and yaw. Due to the limited numbérdata points obtained only qualitative relatiomshi

can be observed. However, it is apparent thatebeil motion present in the tendon drive system is

highly coupled between many degrees of freedoncantplex.

5.5 Actuated Head

With the presence of the recoil motion in yaw aalll during forward swimming and the associated
energy loss it has been hoped that it may be pesilreduce the magnitude or even cancel out this
unwanted motion completely using the actuated hékmltest this idea a series of experiments have
been carried out with the actuated head movingaabus amplitudes and phases with respect to the
tail. These variations in head motion have beepleyed in order to determine the effects this would

have on forward swimming.

The experiments to investigate the effect of theuated head on forward swimming consist of
carrying out similar experiments to those carried for the forward motion surge experiments but

with the head oscillating in a sinusoidal fashionphase with the tail with two maximum angular
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deflections of 13.5and 27. The same set of experiments are then carrieditluthe head oscillating

180 out of phase with the tail motions.

Figure 5.23(a) shows thRoboSalmorprototype swimming with the actuated head movingy af
phase with the tail and Figure 5.23(b) shows RuboSalmorswimming with the actuated head

moving in phase with the tail.

(a) Actuated head out of phase with tail (i.,e.  (b) Actuated head in phase with tail motion

moving in opposite direction) (moves in same direction)
Figure 5.23RoboSalmowehicle using actuated head whilst swimming.

A selection of results is presented below whichwshite effects of the actuated head with a tail beat
frequency and amplitude identical to that of PragEain the surge experiments.

1.5

1.6 . 1.5 1.5 | 1.6

()
x(m)
x(m)
x(m)
x(m)

.5 [0 =] SRR ....... . 0.5 0.5 . a5k ....... 4

(a) (b) (c) )(d (e)
Figure 5.24: X-Y positional data for tiRoboSalmomising program 5 (a) with no head oscillation, (b)
head oscillating with Z7deflection 180 out of phase with tail, (c) head oscillating wit8.5’
deflection 180 out of phase with tail, (d) head oscillating wW&® deflection in phase with tail,
(e) head oscillating with 13 8leflection in phase with tail
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The X-Y positional data presented in Figure 5.2dveah how the oscillation of the actuated head
affects the motion of thRoboSalmonThis shows that for the head movements out of@hRigure
5.24(b) and Figure 5.24(c), produce a trajectorictviis not as smooth as the trajectory with no head
movements. With the head motions in phase witht#le Figure 5.24(d) and Figure 5.24(e), the

trajectory appears to have larger oscillationdiayt axis.

Figures 5.25 and 5.26 show the effect that theatetihead has on the roll and yaw rates respectivel
Perhaps the most obvious effect the actuated hasidm the roll and yaw angular velocities is that i

appears to alter the shape of the response fronegpense with the head stationary.
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Figure 5.25: Roll rate for program 5 (a) with n@tescillation (b) head oscillating with 27
deflection 180 out of phase with tail (c) head oscillating witB.® deflection 180 out of phase with
tail (d) head oscillating with 2teflection in phase with tail () head oscillatimigh 13.5 deflection

in phase with tail

For the roll rates shown in Figure 5.25, as welhiéasring the shape of the response, it also appear
increase the peak value of the angular velocityefmh actuated head parameter set tested. Thizecan
seen when comparing Figure 5.25(a) for no head mewxe when swimming and Figure 5.25(b) for
the head oscillating with 2®eflection 180 out of phase with tail the magnitude of the pealkis
increased by approximately a factor of two. Thiréase in roll can be attributed to materials deed
the construction of the vehicle. During the develept phase thRoboSalmonvas trimmed so that it

statically its pitch and roll angles were approxieha zero and so sat horizontal in the water.
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However, this process was carried out with theaad head centred. As the head and tail move they
affect the centre of gravity and centre of buoyasicthe vehicle. With the tail offset the vehictntls

to roll in the direction of the tail offset due tile moment caused by the weight of the tail assgmbl
However, the head is constructed mostly from Soaof which is very buoyant and so produces a
force in the opposite direction to the weight. Whke tail and head are out of phase the moments

cause by these forces are in the same rotatioregdtidin which will tend to increase the roll.
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Figure 5.26: Yaw rate for program 5 (a) with nodheacillation (b) head oscillating with 27
deflection 180 out of phase with tail (c) head oscillating witB.® deflection 180 out of phase with
tail (d) head oscillating with Z®eflection in phase with tail (€) head oscillatimigh 13.5 deflection

in phase with tail

For the yaw angular rate the effect of the actuatsall, like the effect in roll, is twofold. Firstlthe
shape of the response is modified from that witthead motion. Secondly, the peak yaw rate is also
modified and in the experiment with the head oupludise with the tail and the head oscillating with
13 maximum deflection the peak yaw rate is less than with no head motion. This shows that it
may be possible, with proper selection of the rexagle and head phasing with respect to the tail, to

reduce the effect of the recoil motion in yaw.

Another aspect to using the actuated head is thge stelocity obtained when the head is used in

conjunction with the tendon drive tail system. dtdpparent during experimentation that as well as
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affecting the trajectory of the vehicle, the suvgéocity is also affected. The surge velocitiesaoted

from the actuated head experiments are shown ite Ead.

Table 5.4: Surge velocities obtained when usingiaietd Head

Program Surge Velocity (m/s)
Head Stationary 0.095
Head oscillating 180out of phase, Z7ax deflection 0.066
Head oscillating 180out of phase, 13%max deflection 0.065
Head oscillating in phase, 2max deflection 0.087
Head oscillating in phase, 13max deflection 0.099

The surge velocities shown in Table 5.4 for theuatetd head experiments show that the head
oscillating out 180 of phase has a detrimental effect on the surgecitgl This reduction in surge
velocity could be due to the increased drag cabgetie increased frontal area presented to therwate
when the head and tail are out of phase. Alsointreased roll moment may cause a reduction in the
effectiveness of the caudal fin as it will not orlg moving laterally but will also have a roll
component to overcome. With the head oscillatinghase with the tail there does not appear to be a

significant effect on the surge velocity.
5.6 Mechanical Tail vs Propeller System

As discussed earlier one of the main aims of th@ept is to determine if utilising a biomimetic
propulsion system has any benefits over a conveattipropulsion system. In order to provide this
comparison results have been obtained using atgpetovhich uses a propeller based propulsion
system (as outlined in Chapter 3). The prototypesists of the same body and head section used for
the tendon drive system but with the tail actuatsystem replaced with a propeller and rudder

actuation scheme.

To ascertain the forward motion characteristicshaf propeller system ten experimental programs

have been developed as shown in Table 5.5.
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Table 5.5: Forward Motion Programs for Propellest8gn

Propeller | Prop motor Prop Rudder
System PWM Duty Speed Angle
Program Cycle (%) (rev/s) (deg)
1 55 0.90 0
2 60 1.57 0
3 65 2.29 0
4 70 2.99 0
5 75 3.58 0
6 80 4.92 0
7 85 5.50 0
8 90 6.12 0
9 95 6.79 0
10 100 8.57 0

The first program uses a duty cycle of 55% as # been determined experimentally that any duty
cycle below this value does not provide enoughuerip cause the propeller to rotate in water. ®his
due to the frictional losses within the DC motoag#ain, shaft coupling and the stern tube. Timeesa
experimental procedure outlined in Subsection &2 lbeen used for the experiments involving the

propeller system.

As discussed in Chapter 3, a common body sectiasas the only modification to which is in the
firmware to allow the rotational speed of the pitgyeo be stored in the data logger. An example of

data obtained for the propeller speed and correpgrturrent consumption is shown in Figure 5.27.
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Figure 5.27: Propeller current consumption (tog)pod propeller rotational speed (bottom graph) fo

typical run of propeller program 5
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This figure illustrates that there is an initiahi@nt spike as the motor starts moving but thetheseto

a reasonably steady state value. The propelletiontd speed increases from the stationary valwe to
maximum value then slowly decreases over the réngaiime it is rotating. A ripple in the rotational
velocity is visible which is due to inaccuraciestbé black and white segmented disc used in the

reflective optical sensor system i.e. each segmiive slightly different in size.

The following sections cover the comparison of @artmportant aspects of the results obtained from
the two systems such as the speed achieved bwithsyistems, the start up transients and the input
power requirements. Also, as stated in some ohtlaglable literature, speed and power consumption

are the best measures of swimming performance [&chiWebb, 2002]
5.6.1 Speed Comparisons

Naturally the most significant comparison to be mdsbtween the two systems is the speed
characteristics in terms of the range of speedaimditle and the minimum and maximum speeds
achievable. The surge velocity results obtainethftioe ten programs used to characterize the forward

motion outlined in Table 5.5 are shown in Figur2ss.
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Figure 5.28: Surge velocity versus propeller sdeethe propeller based system for forward motion
Figure 5.28 shows that the speed ranges from anmaivalue of 0.528misto a minimum of

0.084m3s. The relationship between the rotational speedhef propeller and the surge velocity

appears to be linear over the range up to 5.5.réft@r this value any increase in propeller raiaél
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speed does not have a significant effect on thgesuelocity, which plateaus at a steady state vaflue
0.525 ms.

Comparing the velocities of the propeller systenthtose obtainable with the tendon drive system,
shown in Figure 5.4, the propeller system has aiimam velocity of approximately 2.8 times the
maximum velocity obtainable with the tendon driystem. However, the tendon drive system is able
to produce a minimum velocity of around 0.06Tmshich is slightly lower than the 0.084ihs

minimum surge velocity of the propeller system.
5.6.2 Start up transients

As with the tendon drive system one of the dynachigracteristics is the start up transient. The star
up transients for programs 2, 3, 4 and 5 are shovwigure 5.29. When this is compared to the start
up transients of the tendon drive system, showfigure 5.9, it appears that the propeller based

system has a greater start up acceleration.

.25

az
Frogram 2
g 045 Program 3
= Frograre 4
Frogram 5

o

0.05

time

Figure 5.29: Start up transients using program 2,a&hd 5 for propeller based system

One of the most notable aspects of propeller bgsedulsion system is the roll induced by the
propeller [Greer, 2001]. This characteristic is etved when the orientation data for the vehicle is
examined. Shown in Figures 5.30, 5.31 and 5.3Bag¢ll rate, pitch rate and yaw rate respectively

for the propeller system for each of the ten progrased when investigating forward motion.
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Figure 5.31: Pitch rate start up transients fopplier system
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Figure 5.32: Yaw rate start up transients for pllepsystem

As can be seen in each of the plots in Figures,®31 and 5.32 there is a start up transient at 3
seconds which corresponds to when the propelletsstatating, the magnitude of which increases
with increasing propeller rotational speed (i.@ fltogram number increases). For program numbers
1-5 for roll, pitch and yaw rates the start up siant is not visible on these plots. However, small

amounts of roll are present in all the programs.

When comparing the characteristics of the startrapsients of the propeller based system and the
tendon drive system one aspect in which they diff¢hat the transients for the tendon drive system
(i.e. the recoil motion) are oscillatory in natamed tend to cancel out over a number of tail bgeles
whereas the transients of the propeller system imr®ne direction. Propeller based systems
compensate for this propeller induced roll effestially by setting the rudder to a certain deflactio
during forward motion [Fossen 1994]. One disadvgataf this is that it reduces the operational
effectiveness of the vehicle due to the increasad groduced by the rudder defection [Perez, 2005].
Another method propeller based systems use to edigiateffect is to use two propellers each rogatin

in opposite directions [Tupper, 2004].
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5.6.3 Power Comparisons

As mentioned at the start of this section one ef libst measures of swimming performance is the
power consumption [Schultz & Webb, 2002]. The powensumption for all the experimental

programs for the propeller system is shown in FeguB3.
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Figure 5.33: Power consumption vs surge velocitypfopeller based system

For this comparison only the subset of the expertaieprograms for the tendon drive system and
propeller system which have comparable low spesdased. Shown in Figure 5.33 is the comparison
of the power consumptions for the programs of tlep@ller and tendon drive system with comparable
surge velocities. The graph appears to saturatendr6.52ms, which means that for any further
increase in power above around 8W no increasergeseelocity will be obtained. This saturation is

most likely due to propeller cavitation [Gerr, 2001

This comparison indicates that for the ranges ajeswelocity where the two systems overlap for the
lower velocities in this range the power used ly/tdndon drive system is less than that used by the

propeller based system.
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Figure 5.34: Comparison of power consumption ofltendrive system and propeller bases system

The results shown in Figure 5.34 for the power oongion for the tendon drive system and the
propeller based system indicate that for the loswege speeds the tendon drive system uses less
power. However, when the surge velocity reachesrat®.18ms the power consumptions appear to
converge. This is most likely due to the servo motdhe tendon drive system being operated close t

is maximum performance at this range.

The above comparison shown in Figure 5.34 has beewparing the input powers to each system
versus the surge velocity obtained. Due to thetrdat design of the systems they operate from
different battery supply voltages, 5V for the tendtrive system and 12V for the propeller system.
Therefore, perhaps a better method of comparisdo isstimate and then compare the propulsive
efficiencies of each system i.e. taking the rafiageful swimming power to input electrical power.
The equation used to calculate this is shown iraliqn (5.5) [Sfakiotakiset al, 1999].

(P

Wherey is the efficiency (%) is the time averaged thrust (N,s the surge velocity and is the

(5.5)

time averaged power. The thrust for the tendonedsystem is estimated using Lighthill's method
[Videler, 1993] described in Chapter 4 and the phep thrust is estimated from the experimentahdat
gathered from the bollard pull tests. The estimatiidiencies produced by the tendon drive system

and the propeller system is shown in Figure 5.35.
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Figure 5.35: Comparison of propulsive efficiend@sthe tendon drive system and propeller system

for surge motion

This comparison of the efficiencies shows thattfe& tendon drive system at the maximum only 5%
of the input power is converted to useful swimmpagver. However, for the range of velocities up to
0.2ms' it can be seen that there is a significant diffeesin the propulsive efficiencies of the systems.
For example at around 0.18Mthe estimated efficiency for the propeller systenapproximately

0.8% whereas for the tendon drive system the \aljiest under 3%.

This shows that there is an efficiency benefit & dbtained for the biomimetic system over the

propeller based system for low surge velocitieles$ than 0.2 rifs
5.7 Summary

This Chapter has described the results obtainen fitte experimentation using tHeoboSalmon
prototype vehicle for studying forward motion. Biysthe experimental procedure used to obtain the
forward motion results has been discussed follolse@ description of the range of the various tail
beat frequency and amplitude combinations prograsnimi theRoboSalmorto obtain the forward
motion results. Next, the results obtained for $bege velocity obtained for the tail beat ampkgud
and frequency combinations have been presented.ifithicates that the greatest surge velocities are
achieved for the highest beat frequency and ang@itombination. A comparison has then been made
between the surge performance of B@boSalmorvehicle and a real salmon which shows that the
performance obtained with the prototype is lesa tha surge performance of a real salmon by around

a factor of three.
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Next the Strouhal number has been calculated fdr efithe surge experiments and this indicated that
the ranges of Strouhal number that ReboSalmombtained during the surge experiments is out with
the range quoted for efficient swimming of reahfighis was not unexpected as real fish very rarely
swim at the low velocities that tliRoboSalmons capable of swimming at and if fish intend taraw

at low velocities they would likely use a burst soswimming method.

The power consumption and swimming power of theléendrive system have then been compared.
There then follows a discussion of the experimergebil motion which presents results for the recoi
in terms of roll, pitch and roll angular rates. édlscluded in this section is a description of the
estimate of the power expended in the recoil motwbich suggested that the power expended in the
recoil motion is greater than the useful swimmirgvpr obtained. The next section covers the
experimentation carried out with the actuated h®adem on thé&koboSalmorduring surge motion.
This experimentation involved moving the head hiatphase and out of phase with the tail motions
and at two different angular amplitudes. Certaimbimations of head motion caused the recoil to be

increased and in others caused a slight redudatitimei yaw recoil.

Finally, there has been a comparison between tifootedrive system and the propeller drive system.
The section starts with the characterization ofgrapeller system in terms of surge performance and
start up transients. Then the surge performand®tbf vehicles have been compared. This shows that
the propeller system is capable of a greater sspged than the tendon drive system, however the
lowest speed obtainable is higher than the tendiwe dystem. The power consumption calculated
from the experimental data for each system was thempared. This showed that at speeds less than
0.2ms? the tendon drive system uses less power for ginslage velocities. The propulsive
efficiencies for each system are then estimatedguaicombination of experimental data and thrust
estimates from theory. When these efficienciescarpared it shows that the tendon drive system is
more efficient over the range of surge values <@2rHowever, for higher speeds the efficiencies of

both systems would appear to converge if the datthe tendon drive system was extrapolated.
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Chapter 6 — Results:Manoeuvring

6.1 Introduction

The previous Chapter has described and discussechtracteristics of thRoboSalmorvehicle for
forward propulsion. Another important aspect of grepulsion characteristics for any vehicle is its
manoeuvrability, which in naval architecture isidefl as the ability of a ship to respond to itsderd
and steer to a course [Tupper, 2004]. This aspletiteopropulsion for a vehicle is important as it
affects the handling performance of the vehicle eaud limit the applications that the vehicle can be
utilized for. Manoeuvrability in marine vehiclesusually measured by a using a number of specific
manoeuvres defined by the International Towing T@okference (ITTC) and International Maritime
Organisation (IMO) [Fossen, 2002].

The RoboSalmorvehicle does not have a rudder but instead usegiit for manoeuvring. This
Chapter covers the experimental results obtaineah fthe RoboSalmorvehicle utilising the tendon
drive propulsion system during manoeuvring tridlae manoeuvring trials consist of a number of
experiments to determine the manoeuvring performaridhe vehicle when turning from stationary,

the effects of turning at speed and coasted tuitistiae tail offset but not oscillating.

Manoeuvring with the actuated head is also invastd to ascertain if any benefits can be obtained
using this system. Trials have been conducted thighactuated head angled and no tail offset to
determine if the head alone can be used for turnimgaddition, the effect of the head angled at

specific deflections with the tail at various ofsés described in this Chapter.

The final part of this Chapter is concerned wittmanoeuvring comparison between the tail and
propeller based systems. A similar set of expertaldnials have been carried out with the propeller

and rudder based system to allow for a comparistwden the two systems.
6.2 Experimental Approach

The manoeuvring capability of a marine vessel caretaluated through the implementation of a
series of standard manoeuvres, which have beeuséy the ITTC and the IMO. These manoeuvres

are described below -
6.2.1 Standard Turns

Standard turns are not covered specifically bytésés set out by the ITTC and IMO but have been

included here as a test of the turning rates obteiar specific turning commands.
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6.2.2 Turning Circle

This test is used to evaluate a vehicle steadyingrradius and to determine how well the steering
machine performs when course changing [Fossen,]2062 manoeuvre is carried out by changing
the rudder angle when at a steady test speed withyaw rate and allowing a full turn of 36a yaw
to be achieved. The information that can be obthinem this manoeuvre is thactical diametey
advanceandtransfer[IMO, 2002]. Thetactical diameteiis the lateral distance it takes for the vehicle
to complete a 180change of heading, treglvanceis the forward distance it takes for & @dange of
heading and the transfer is lateral distance &gdkr a 90 change of heading [Fossen, 1995]. These

parameters are indicated in Figure 6.1.

Figure image has been removed due to Copyrightictisns

Figure 6.1: lllustration of parameters calculatedry Turning Circlemanoeuvre [Fossen, 2002]

6.2.3 Zig-Zag

The Zig-Zag manoeuvre is conducted by first bringing the viehto a steady course and speed then
commanding the rudder to a specific angle, such288 When the heading has changed b th@
rudder is then commanded to °28nd the vehicle allowed to turn until it reaclkekeading of -20

The process is then repeated a minimum of two tiiks process described is called a 20-20 Zig
Zag where the first number denotes the rudder ehamgl the second denotes the heading change
[Fossen, 2002].
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6.2.4 Pull Out Manoeuvre

The purpose of the Pull Out manoeuvre is to detegnii the vehicle is straight line stable and
involves the vehicle applying a 2fudder angle, from a steady course, until a comstde of turn has

been achieved then returning the rudder to its gesttion.
6.2.5 Stopping Test

The stopping test is used to determine how fawvttecle travels when a command for full astern is
given [IMO, 2002].

6.2.6 Spiral Manoeuvre

The spiral manoeuvre is used to determine the degfestraight line stability of the vehicle. It is
conducted by the vehicle first obtaining a steadyrse and then a 25udder angle to port is
implemented until a steady yawing rate is obtait@nuke this steady rate has been obtained the rudder
angle is then decreased in steps ofvEh a constant yaw rate being obtained betweepsstThis is

performed for rudder angle steps betweehgd@t and 25to starboard.

A subset of these manoeuvres has been selecteskttdhe RoboSalmorvehicle hardware. This

selection has been determined by considering wiighoeuvres are suitable and achievable with the
experimental constraints imposed on this study.erdftore, the only manoeuvres which have been
considered are standard turns, the turning cirokb the pull-out manoeuvre [Fossen, 2002]. The

experimental implementation of these manoeuvrinfppmance tests is outlined below.

The experimental procedure used for the manoeuvrialg is similar to the procedure used for the
forward motion experiments described in Section 5@ the manoeuvring trials, 58 experimental
programs have been developed to investigate theoewarning performance of the tendon drive
system. A further 22 have been developed to ingaiithe effect of the tendon drive tail and aediat

head system operating together.

From all the experimental data obtained from theaeaivring trails the main parameters that are used
in this Chapter to evaluate the manoeuvring peréoce are; the yaw rate data obtained from the
onboard sensor, the yaw angle obtained from thé paxessing of the sensor data and the x-y

trajectory data obtained from the processing ofvileo footage.
6.3 Standard Turning

The purpose of the standard turning series of éxgeits is to characterise the turning performarice o
the vehicle in terms of yaw rate varied with diffet tail parameters such as beat frequency, beat
amplitude and the offset of the tail centrelineisTstandard turning has been evaluated using two

types of test; turning from stationary and turnaigpeed.
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For the standard turning series of experimentsirhil starting location of the vehicle has been
positioned with the red spot on the backRufboSalmorjust in the field of view of the camera and
close to one side of the pool. This allows the mmaxn turning motion to be observed for the

experimental set up used in this study.
6.3.1 Turning from Stationary

The first set of experimental programs carriedasupart of the manoeuvring trials covered the hgni
performance of th&oboSalmonvhen turning from a stationary position. This isi@ple manoeuvre

to study as it involves the vehicle starting frostationary position in the field of view of thencara.

A typical run of program 32 and 46 is presentedhis section. These programs have the same tail
beat frequency and amplitude but program 32 has télboffset and program 46 has 22&ffset.

Shown below in Figures 6.2 to 6.6 is the relevatadbtained for the two manoeuvres. Firstly Figure
6.2 shows the x-y positional data obtained for bo#moeuvres from the image processing of the

camera footage.
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Figure 6.2: x-y positional data for typical runglmbeat amplitude 0.105m and beat frequency of
0.61Hz and -25tail centreline offset (dashed plot) and 2fset (solid line) obtained from image

processing captured video footage.

From this it is clear to see that the manoeuvrepdsitive and negative tail are not symmetricathas
trajectory of the +25 degree tail offset has mdréne turn visible. The reason for this asymmesy i
due to reasons stemming from the construction @fvithicle. Firstly, there may be imperfections in
the hull of the vehicle which contribute to thisymenetry when turning. Secondly, as discussed in
Chapter 3 there can be slight differences in theitas of the tendon wires within the tendon dtaik

system which, even when the tail is calibratedafwvater, will also add to the asymmetry. In ortter
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see this asymmetry in more detail the correspongavg rate for the manoeuvres is shown in Figure

6.3.
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Figure 6.3: Yaw rate data for typical runs wittabamplitude 0.105m and beat frequency of 0.61Hz

and -25 tail centreline offset (dashed plot) and 2Hset (solid line) obtained from onboard sensors.

The reason for the asymmetry in the trajectorieBigure 6.2 can be seen when comparing the yaw
rates as they indicate that a positive tail offsetduces a greater peak value for yaw rate of ardn
deg/s whereas the negative offset has a peak yswofajust under 35 deg/s. To see how this

difference in yaw rates translates to actual yaglegrthe yaw angles obtained are presented in &igur

6.4.
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Figure 6.4: Yaw angle data for typical runs witlabamplitude 0.105m and beat frequency of 0.61Hz
and -25 tail centreline offset (dashed plot) and 2Hset (solid line).
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From the yaw angles of Figure 6.4 the maximum yagleaobtained for the positive tail offset before
tail oscillations ceased at 28 seconds is arour@d B6t for the negative offset the maximum yaw
angle obtained is 175These maximum turning angles are not visiblehenttajectory data shown in
Figure 6.2 as the field of view of the camera lsmihe amount of the turn that can be captured.
However, the yaw rate data is obtained from gynuisoard the vehicle and so the yaw rate over the

full run can be captured.

Also of interest are the roll rates and roll anglbsained from the trials. Shown in Figure 6.5 lbels
the roll rate data for the two manoeuvres whichcat that peak roll rate for the negative offset i
greater than for the positive offset. This is thmasite for the yaw rates as the positive tail eiffs

obtained the highest peak yaw value.

+25 Degree Tall Offset

o (deg/s)

time (s)
; ; ! ! ;
I3 g : : 5
{7]0)| SeEeEEEE0Ea: ‘l},\ ......... CEEEFEEETTEEr (LERRTERTIREREEE e T g
LRI AR A
@ by O I S I N O R
g sy sy b RN
Y i TN Eydplh
2 o-/\JA,[!I.l.;:..'r..ll.{..]l.lj..El..|..1|.]-'..1l.|[..5..|...|..|J..‘il.|,..}.11..!I..||..Il.;..f.l...L..J..';.ll[.v e —— o
= AR R TR IR IR R T
i (108 1 i !
I . 5Lqlndnwrjinh”4rgq”JLnﬂn%kwLnﬂnlL*} ....... ]
1 T T A U AT I
!l ¢ i il by b vy a
0 5 10 15 20 25 30

time (s)

Figure 6.5: Roll rate data for typical runs witrabamplitude 0.105m and beat frequency of 0.61Hz

and -28 tail centreline offset (dashed plot) and 2Hset (solid line) obtained from onboard sensors.

The roll angles obtained from post processing efrtil rate data is shown in Figure 6.6. This shows
that when turning th®oboSalmorstill oscillates in roll but the roll is increasedthe direction of the

turn.
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Figure 6.6: Roll angle data for typical runs wigat amplitude 0.105m and beat frequency of 0.61Hz

and -28 tail centreline offset (dashed plot) and 2Hset (solid line).

The graphs presented so far in this section havershhe response characteristics of the turningnfro
stationary manoeuvres. As with the results forftrerard motion experiments, the recoil motion is
prominent in all aspects of the turning manoeustesvn in Figures 6.2 to 6.6 and presents itsedinas
oscillation about a mean value on all the loggatssedata. When the positive and negative offsets
are compared it is apparent that there is asymnm@egent in the responses with greater turning

achieved for the positive offset.

The example turning from stationary manoeuvre desdrabove and shown in Figures 6.2 to 6.4
gives an indication to the characteristic of thipet of manoeuvre. However, numerous trials for
turning from stationary manoeuvres have been cdeduihat consisted of a series of experimental
programs with varying tail beat amplitude, tail bsaquency and tail centreline offset. The resfdts
these turning from stationary manoeuvres for therage roll and yaw rates for different tail beat
frequencies, tail beat amplitudes and tail offsets shown in Table 6.1. The yaw and roll rates are
averaged over three tail beat cycles in post pedsgsto compensate for the effects of the recoil
motion. The yaw rate time constant is the time tallcg the yaw response to reach 63% of its steady-

state value.
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Table 6.1: Yaw and roll rates for turning from Eiaairy manoeuvre

AT%ES(?; Tallzlrggat Offset Average Yaw | Average Roll Yaw Rate Time
(m) (H2) Angle (Deg)| Rate (Deg/s) Rate (Deg/s) Constant
0.075 0.61 -5 -0.09 0.004 9.03
0.075 0.61 -12 -0.77 0.3405 6.96
0.075 0.61 -16 -1.93 0.28 4.97
0.075 0.61 -25 -4.41 -0.17 3.37
0.075 0.47 -5 -0.79 0.14 7.72
0.075 0.47 -12 -1.59 0.59 6.50
0.075 0.47 -16 -2.84 -0.27 5.57
0.075 0.47 -25 -4.86 -0.21 4.41
0.105 0.61 -5 -3.05 -0.14 5.55
0.105 0.61 -12 -4.39 0.09 4.71
0.105 0.61 -16 -5.34 -0.72 2.45
0.105 0.61 -25 -6.23 0.328 2.84
0.105 0.47 -5 -1.49 -0.76 5.34
0.105 0.47 -12 -3.97 0.2653 3.22
0.105 0.47 -16 -6.82 -0.08 3.95
0.105 0.47 -25 -7.38 0.29 4.8
0.15 0.61 -5 -1.8 -0.92 4.88
0.15 0.61 -12 -4.23 -1.5 4.35
0.15 0.61 -16 -5.24 -0.16 2.13
0.15 0.61 -25 -8.62 -0.45 1.73
0.075 0.61 12 2.63 0.43 2.72
0.075 0.61 25 3.44 0.41 1.43
0.075 0.47 12 3.26 -0.31 4.53
0.075 0.47 25 4.02 0.36 3.21
0.105 0.61 12 6.41 0.38 2.88
0.105 0.61 25 9.82 0.73 2.51
0.105 0.47 12 5.76 0.79 4.57
0.105 0.47 25 8.56 0.31 3.46
0.15 0.61 12 11.09 -0.31 2.41
0.15 0.61 25 12.27 0.17 1.98

From the results shown in Table 6.1 it can be $kanhas the tail offset angle increases, the aeerag
yaw rate increases for any particular beat ampditadd frequency combination. Another interesting
aspect is the relatively low average roll ratesolhaire due to the averaging of the recoil induced
oscillations in roll rate data. From observatiofshe RoboSalmorompleting this trial it is apparent
that, although the vehicle rolls, it does tenddtum to the same angular roll position when tlilega

at its centre position which correlates with the kverage roll rate obtained.

In order to compare the yaw rates obtainable flioenviarious tail beat parameters described in Table
6.1 the yaw rates and corresponding tail offsetsshown in Figure 6.7. This information is presdnte

in the standard way that yaw rates and rudder aragkepresented for ships.
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Figure 6.7: Relationship between yaw rates andtkit frequency and amplitude. Blue points denote

tail beat amplitude of 0.075m, green points 0.1@5m red points 0.15m.

The results from Figure 6.7 highlight that the tnghperformance of the tendon drive system is not
symmetrical. This can be seen for similar tail hgatameters but the opposite offset direction. &her
are a number of factors which contribute to thigmametry such as the mechanics of the tendon drive
tail system which leads to small differences dumagh tail beat due to the under-actuated nature of
the tail system. These small differences couldctffely present themselves as a built in tail dffse
Another factor is the manufacture of the body sectwhich may lead to slight imbalances in weight
and buoyancy distribution. These slight imbalarmmdd lead to the slight differences in the positiv
and negative roll moments produced by the recoitionowhich in turn could contribute to the

asymmetry in the turning performance.

6.3.2 Turning at Speed

The next set of experiments carried out evaludtegurning performance of tHieoboSalmorwhen
turning from a steady speed. In order to carrytbistset of experimental trials tfioboSalmoias to
start the manoeuvre out with the field of view loé ttamera. This is required so that the vehicle can
obtain a steady speed before entering the fieldesl and so that the point at which turning stésts
captured on the video footage. TReboSalmothas been programmed to swim in a straight line3for

seconds before adding an offset to the tail caneel

Trajectories from two experimental trials for theerting at speed manoeuvre are shown in Figure 6.8.
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Figure 6.8: X-Y trajectory turning at speed manaetfor tail beat amplitude of 0.15m at beat
frequency of 0.48Hz for tail offset of -1gblue line) and -18(green line)

From the x-y trajectory shown in both manoeuvresRbboSalmotravels forward approximately 0.4
m before the turning starts. Then from the pattiehing circles visible for each of the two taifsdts,
as expected the larger offset (green line) hasmhaler turning circle. The corresponding yaw rates

for the manoeuvre are shown in Figure 6.9.
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Figure 6.9: Turning at speed manoeuvre yaw ratemiidoeat amplitude of 0.15m at beat frequency
of 0.48Hz for tail offset of 12(blue line) and 18(green line)
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These plots of the yaw rates clearly indicate ffiecethat implementing a tail offset after a periof

forward swimming. The vehicle starts moving aftese2onds then continues forward for 8 seconds
with a beat amplitude of 0.15m and a beat frequefi€y/48Hz. Then at time 11 seconds the tail offset
is implemented which results in the mean valuehefytaw oscillations moving to a steady yaw rate.

The values from the time averaged yaw rates olddnoen these experiments are shown in Table 6.2.

Table 6.2: Tail parameters and yaw rates for tyyainspeed manoeuvre

Amplitude | Frequency | Tail Offset Angle| Average Yaw| Yaw Rate
(m) (Hz) (deg) Rate (deg/s) Time
Constant
0.15 0.48 -12 -8.20 2.11
0.15 0.48 -16 -12.15 1.95
0.15 0.48 -25 -14.11 -

The time averaged yaw rates obtained show that vdoempared to the turning from stationary
manoeuvre that there is an increase in the yawwhtm turning at speed. In order to visualise the

actual turning angle obtained the yaw angles fohexperiment are shown in Figure 6.10.
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Figure 6.10: Yaw angle for turning at speed manpeuv
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The yaw angles shown in Figure 6.10 reinforce threcept that the greater the tail offset the latger

yaw angle obtained.
6.3.3 Coasted Turns

As discussed briefly in Chapter 3 and Chapterlb dise their tail in different ways to obtain a fand
propulsive force or to manoeuvre. One tactic fish employ is coasting to reduce the energy cost of
swimming [Videler, 1993]. This section covers thgerimental trials of thdRoboSalmonvehicle

carrying out coastetlirns.

In a coasted turn the vehicle swims forward foregsiqa of 8 seconds to obtain a sufficient surge
velocity, then the tail oscillation is stopped wétlconstant tail offset is maintained for 17 sesorid
the end of this period the tail returns to its cergosition. A selection of results showing the x-y

positional data for coasted turns using threeoféslets is shown in Figure 6.11.
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Figure 6.11: X-Y positional data for coasted tunith three offsets with initial tail beat frequenafy

0.48Hz and nominal beat amplitude of 0.15m

This plot shows that implementing a steady taisefffvith no tail oscillations after a period ofasght
swimming allows turning to be achieved. It alsowbdhat the greater the tail offset the sharper the

turn is completed.

The yaw rate data obtained for the same three easins is shown in Figure 6.12.
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Figure 6.12: Yaw rate data for coasted turns fordHhail offsets

The yaw rate data shown in Figure 6.12 illustrdbed the vehicle swims forward from a stationary
position for 3 seconds. Tail oscillations stop 2is&conds with a constant tail offset implementdx:

RoboSalmorthen carries out a coasted turn until 28 secorfuisnvihe tail is set back to its centre
position. From the yaw rate data presented it memt that during the coasting part of the manaeuv

(12-28 seconds) the yaw rate is greatest for tiye tail offset.

These results obtained for the coasted turn expetahtrials shown in Figures 6.11 and 6.12 show
that this method of manoeuvring is a feasible veagarry out a low speed turn. One advantage of this
type of turn is that during the coasted part ofrtf@oeuvre there is no recoil motion present. Agroth

benefit of this method of turning is that the powensumption is reduced when compared to that of a
powered turn. This aspect is highlighted in theenirconsumptions shown in Figure 6.13 (quiescent

current has been removed for comparison).
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Figure 6.13: Current consumption for coasted ttop)(and for turning at speed manoeuvre (bottom)

For the coasted turn the current consumption iaaed to almost zero when the tail oscillations stop
and coasting commences at 12 seconds. On theopltitd coasted turn there is a spike in the current
at 28 seconds which corresponds to the servo nfwtog the tail back to its centre position. The

current drawn during coasting in theory should dmdythe holding current drawn by the servo motor
to hold its commanded offset position. However, tloe powered turn the current consumption is
greater as tail oscillations are used for turnifigo, with the powered turns manoeuvres will bezabl

to be conducted in less time when compared to usoasted turns due to the higher yaw rates

obtainable.
6.4 Actuated Head

As discussed in Chapter 3 and ChaptdrR@yoSalmoris equipped with a fully actuated head section.
For forward propulsion the actuated head has beed to compensate for the recoil motion produced
by the tendon drive propulsion system with limigdcess. However, this mechanism can provide

apparent benefits for turning manoeuvres.

Two types of experiments have been carried out withactuated head system. The first involves
manoeuvring with an offset in the actuated heatkaysind no offset on the tendon drive tail and the
other involved an offset in the actuated head systad a complementary offset in the tendon drive

propulsion system. Both these manoeuvres are iga¢stl in this section.
6.4.1 Actuated Head Only Turning

A number of experiments have been carried out terdene if the actuated head can be used for
manoeuvring. These trials involved utilising thexden drive tail system with no offset at beat

amplitudes of 0.105m and 0.15m with a beat frequarid.48Hz. The results are shown in Figure
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6.14, which presents the trajectories of RmboSalmorduring 4 experimental trials with head only
turning.

vim

vim

(a) (b)
Figure 6.14: X-Y positional data for (a) Turningtvhead angled at 13.tblue) and 27(red) at tail

beat frequency of 0.48Hz and beat amplitude of@(b) Turning with head angled at 13(Byan)
and 27 (green) at tail beat frequency of 0.48Hz and beatlitude of 0.15m

These results show that it is possible to use tsetobn the head for manoeuvring. The yaw rates for

the head only turning are shown in Figures 6.15atable with the time averaged yaw rates for each
trial is shown in Table 6.3.

Table 6.3: Average yaw rates from head only turning

Actuated Head Angle Nominal Tail Beat Average Yaw Rate
(degrees) Amplitude (m) (deg/s)
13.5 0.105 0.689
27 0.105 2.23
13.5 0.150 1.22
27 0.150 6.32
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Figure 6.15: Yaw rate data for (a) Turning with h@mgled at 13%5(blue) and 27(red) at tail beat
frequency of 0.48Hz and beat amplitude of 0.105 (bning with head angled at 13 (&yan) and
27° (green) at tail beat frequency of 0.48Hz and begtlitude of 0.15m

The yaw rate responses shown in Figure 6.15 highifge turning aspects of the head only turning. As
expected the peak amplitudes for the yaw recoilllaons in the plots for the 0.15m tail beat
amplitudes are greater than the 0.105m nominal dreatitudes. It is also possible to observe that th
average value of the recoil oscillations is abos®Zor all the plots. These average values foytve

rates are shown in Table 6.3.

The yaw rate data shown in Figure 6.15 and Taldemglicate that using only the head for turning is
not as effective as using the tendon drive taitesys It is clear to see that the maximum possibie t
averaged yaw rate obtainable for the head onlyirigrat a beat amplitude of 0.105m is 2.23 degrees
per second whereas using the tail a maximum of de2ffees per second can be achieved. Another
aspect to consider when using the head systeratisitie to the use of an additional actuator torobnt

the head movements the overall power consumptioneobtehicle will be increased.

Although the yaw rates obtained from using the atetl head are small one possible use for the head
system could be for small course corrections arawect for the asymmetry in the tendon drive tail

system.
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6.4.2 Actuated Head and Tail

Another subset of experiments carried out invollesuse of the actuated head in conjunction with
the tendon drive tail system. This is achieved fiyliag the head with respect to the body at aneang|
of 13.58 and 27 at various combinations of tail offset for trailsning from stationary and turning at

speed.
6.4.2.1 Turning from Stationary

Results are shown in Figure 6.16 for the x-y posdi data for turning with the actuated head at two
head offsets with the same tail beat frequencyamplitude. Figure 6.16 also includes the result for
the experiment with the same tail beat frequenay affiset with the head centred to allow for a

comparison to be made. The corresponding yaw dhdates for the same manoeuvres are shown in

Figures 6.17 and 6.18 respectively.
08 T S— _______ _________

08 SancanmnaaaooaG: U

0 Degree (Head Centred)
13.5 Degree Head Offset
—— 27 Degree Head Offset

X ()

Figure 6.16: X-Y positional data for turning frotasonary manoeuvre with actuated head at offset of
0° 13.5° and 27 with the same tail beat amplitude, frequency dfskt
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Figure 6.17: Yaw rate data for turning from statighmanoeuvre with actuated head at offset®f 0

13.5° and 27 with the same tail beat amplitude, frequency difgkt
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Figure 6.18: Roll rate data for turning from statioy manoeuvre with actuated head at offset’of 0
(blue plot), 13.5 (green plot) and 27(red plot) with the same tail beat amplitude, érexacy and

offset.

The results for the x-y positional data shown igufé 6.16 indicate that the use of the actuated hea
in conjunction with an offset of the tendon drixal system has a significant effect on the turning

radius obtained experimentally. It is apparenirfithe results that the turning radius is reducea by
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factor of two when the actuated head is employdds s significant as it shows that use of an
actuated head system in conjunction with the terdibre tail system can greatly improve turning

performance.

From the yaw rates shown in Figure 6.17 it candenghat for the head angled the yaw rate only
crosses the zero value for short intervals valdkeithe yaw rate with the head centred which has
both positive and negative yaw rates. This hasefifect of increasing the magnitude of the time
averaged yaw rate and could explain the decreasachg circle. For the roll rates shown in Figure
6.18 angling the head has the effect of alteriregghape of the recoil oscillations. The yaw angles

obtained from these trails is shown in Figure 6.19.
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0 Degres (Head Centrad)
13.5 Head Degree Offset
27 Degree Head Offset

pai (deg)

time (g

Figure 6.19: Yaw angles for turning with actuatedd and tail.

These plots of the yaw angles show that the vebieles moving after 3 seconds, then moves with the
tail and head offset for 25 seconds, then thestaips oscillating at 28 seconds. The yaw angles
obtained reinforce the concept that the increageeiformance of using the actuated head as for the
27° head offsets the maximum yaw angle obtained befardail stopped oscillating is 43@hereas

for no head offset the yaw angle obtained is ard#tl
6.4.2.2 Turning at Speed

The next set of trials involves using the actudtteald system for turning manoeuvres while the vehicl
is travelling at a non-zero surge speed. This mavreeinvolves theRoboSalmorstarting just in the

field of view of the camera to allow a steady forvapeed to be reached. Then after 12 seconds the
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tail is offset at 2%5and the head is offset at an angle of either 18r527°. This type of manoeuvre
enables the effect of established forward speedhabe turning capability of the vehicle using the

actuated head system.

Figure 6.20 shows the X-Y positional data obtaifeedhe two powered turns with the actuated head.
Also shown is the positional data for the run witie same tail parameters but with the head centred
(0° head offset). The three runs shown in Figure 2@ the same tail beat amplitude of 0.15m and

beat frequency of 0.48 Hz.

— ) Degree Head Offset
13.5 Degree Head Offaet
— 27 Degree Head Offset

: :
08 05 04 03 02 01 0 0.1
v {m)

Figure 6.20: X-Y positional data for powered tuwith head offsets and head centred for comparison.

Tail beat frequency of 0.48Hz and beat amplitude.obm.

The trajectories shown in Figure 6.20 show thatiiging the head and tail systems together a turn
of around 275is achievable for the 27ail offset. The turning radius for the runs witle actuated
head is reduced by around 0.1m for the 918ffset and around 0.2m for the °2fead offset when
compared to the run with no had offset. Also okiast is that the time taken for each of the turns
shown above, after the tail and head offsets apteimented, is 16 seconds. Another aspect to note is
that the recoil motions appear to be slightly difg for each run, this is due to the differenttstig
motions of the tail. However, turning is startedha same position in each run. It also showsdhat
improved turning radius is possible with the conaltion of head and tail systems acting together. The

corresponding yaw rates for this manoeuvre are shinwigures 6.21.
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Figure 6.21: Yaw rate data for powered turn withtieat frequency of 0.48Hz and beat amplitude of
0.15m with head angle of 13.&green plot) and head angle of Zi&d plot) when turning

From the yaw rates in Figure 6.21 the plots arelainm shape to that for the powered turn with no
head offset shown in Figure 6.9. When turning stattll seconds the steady state value of the yaw
oscillations changes from zero during the stragylitnming to the new steady state turning value. To
see in detail the effects of the actuated headtaihdystems when acting together the numerical
values for the yaw rates obtained are shown in€lébt along with the same values for the turning

with the head centred for comparison.

Table 6.4: Tail parameters and yaw rates for tgrainspeed manoeuvre

Amplitude | Frequency| Tail Offset Head Average
(m) (Hz2) Angle (deg) Offset Yaw Rate
Angle (deg)| (deg/s)

0.15 0.48 -25 0 -14.11
0.15 0.48 -25 13.5 -17.73
0.15 0.48 -25 27 -18.72

The values shown in Table 6.4 indicate that with dlctuated head system an increase in yaw rate of
around 30% is obtainable by using the head systesonjunction with the tail system. Corresponding

roll rates for the manoeuvres are shown in Figu2@.6

146



ok A ............ TR ............. -

p (deg/s)

timme (8]

o (deg's)

i i
] 5 10 14 20 25 30
tirne (s)

Figure 6.22: Roll rate data for powered turn wit beat frequency of 0.48Hz and beat amplitude of
0.15m with head angle of 13.&green plot) and head angle of Zi&d plot) when turning

From the plot of the roll rate data (Figure 6.22)an be seen that when the turning starts andeaad
is angled (at 12 seconds) the oscillations inapjpear to reduce significantly. This is due todffect

the actuated head has on the trim of the vehiclehmddds more resistance to the roll motion.

The results shown in Figures 6.20, 6.21 and 6.2kcate that, like the turning from stationary
manoeuvre, increasing the actuated head angle whiéng can improve the turning radius when
compared to the same with the head centred. Thiwg likely be due to the way that the yaw and
roll rate are affected by the positioning of thadheThe positioning of the head will affect thd eoid

yaw moments generated in two ways. Firstly, with biead angled it acts like a rudder and creates a
turning moment. Secondly, as the head moves it@ffine trim of the vehicle which can assist with

the turning process.
6.5 Turning Circle

As discussed earlier in this Chapter one of thedsted manoeuvres that most vessels undergo is the
turning circle. The turning circle requires thaé tnaximum rudder angle is used for the test [IMO,
2002]. As theRoboSalmordoes not have a rudder therefore the maximunoftset of 25 will be
used. Another difference between the method usedisnstudy to investigate the turning circle and
the specified method is the heading change. Dubdcexperimental equipment only a partial turn

could be completed rather than the full 366ading change specified [Fossen 2002].

Shown in Figure 6.23 is the x-y trajectory for tReboSalmorwhen executing a turning at speed
manoeuvre with a tail beat frequency of 0.48Hz bedt amplitude of 0.15m with the actuated head

centred.
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Figure 6.23: Turning circle parameters for Robo®airtendon drive system

The turning circle illustrated in Figure 6.23 shaat the approximate steady turning radius isfd.48
This is just over half the body length of tReboSalmorvehicle. One method that is used to compare
the turning of different ships is the ratio of thactical Diameter to the length of the vehicle. itgb
values for this ratio are around 3 for a frigatel anratio of 4.5 would be usual for merchant ships
[Tupper, 2004]. The value for tHRoboSalmorwith the tendon drive propulsion system is 0.68isT

shows that th&®oboSalmorman be considered to be relatively manoeuvrabiehe
6.6 Pull Out Manoeuvre

This section describes the polit manoeuvre that has been investigated duringrewpntal trials.
The particular pull out manoeuvre that has beerdamented in this study does not follow exactly the
defined method described in Fossen [2002]. Thiduis to the experimental set up used which only
allowed for a limited range of data to be obtaideé to the size of the test pool and the fieldietw

of the video camera. Therefore, rather than a gteatd of turn being achieved tlioboSalmo
turned for a fixed time. Another reason for thisdification to the pull out manoeuvre is that
achieving a steady rate of turn with the prototyphicle is difficult to measure onboard. This isedu
to the recoil motion present which tends to cabseybw and roll rates to oscillate about an average

value.
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The pull out manoeuvre variant used in these ewpaial trials consists of the vehicle accelerating
from stationary for a fixed time of 10 seconds wiid tail offset, then implementing a constant tail
offset for 5 seconds, then removing the tail oftsed continuing swimming for a further 10 seconds.
Results for the pull out manoeuvre are shown iruffeigs.24 for the x-y positional data for both
positive and negative offseta16°) and the corresponding yaw and roll rates in Fgbir25. The
reason for selecting +16vas that it lies in the middle of the range of thest effective offsets tested
for turning. Also+16° corresponds to a proportionally similar valuete value of 20rudder usually

specified for the pull out when the ranges of tbteiators are factored in.

(a) (b)

Figure 6.24: X-Y positional data for pull out manwee for tail offset of (a) -18(blue plot) and (b)
+16° (red plot)
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Figure 6.25: Yaw rate (top) and roll rate (bottaiaja for Pull Out manoeuvre for tail offset of {a)
16’ (blue plots) and (b) +26red plots)

The results of the pull out manoeuvre presentdeidare 6.24 and Figure 6.25 highlight a number of
aspects of the characteristics of the tendon diygéem. Both positive and negative manoeuvres use a
tail beat frequency of 0.48Hz and a beat amplitofd®.105m. As with all the other manoeuvres the
recoil motion is present and as discussed in Se@id the asymmetry in the turning performance of
the system is apparent in Figure 6.24. The maxidatenal displacement for the negative tail offset i
greater then the positive offset. This indicated the turning performance can be influenced byreshe
in the tail beat cycle the offset command is reegiwVith the positive offset (red plot in Figur@4)

the turning appears to cause a discontinuity irstiienming motion which causes the vehicle to move
slightly in the y direction. This discontinuity ¥ésible in the red plot but does not have suchngpeict

on the manoeuvre. The cause of this discontingitthé way in which the tail responds to an offset
command. As soon as the change in offset commaretéved the tail attempts to go to this desired
value no matter where the tail is in its current b@at cycle. In the red plot the offset command
appears to be received when the tail is at itsreartiue, however, in the blue plot it is receiveten

the tail is at its maximum lateral displacement.

The aim of the pull out manoeuvre is to determina marine vehicle is straight line stable or not
[Fossen, 2002]. A ship is said to be unstable éf tate of turn of the vessel does not return to an
equilibrium point after a disturbance [Fossen, 208&hough the pull out manoeuvre has not been
conducted exactly as specified, from the resultsiobd it does indicate that after the tail offiset

removed the vehicle tends to continue in a strdightas shown in Figure 6.24. Also, when the yaw
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rates are compared, when the offset is removeglaiverates do appear to return to similar oscilkator

values. These two aspects indicate thaRbbBoSalmormas a vehicle is stable.
6.7 Power Consumption

Another important aspect to the manoeuvring peréoe of theRoboSalmorvehicle is the power
consumption when executing a turn. The current doavwo programs with the same beat frequency

and beat amplitude, one with and one without aoféslet are shown in Figure 6.26.

Straight Swimming
thtd ! ! ! ! ! !

Tail Current (4)

e i i i i i i
0 5 10 15 20 25 30
time (s)

Turning

Tail Gurrent (4)

a5 i i I i i i
a ] 1a 15 20 25 30
tirme (s

Figure 6.26 — Current consumption for straight sming (top plot) and turning (bottom plot)

These current results highlight two interesting ea$p to the turning manoeuvre. For straight
swimming the peaks in the current appear to beaxjpately similar in amplitude. However, in the
turning manoeuvre every second peak has its ardpligireduced. The reason for this is that when the
servo motor is moving the tail the current dravglieatest when the tail is moving through its centre
value heading towards the maximum lateral displ&rgras described in Section 5.3.4. However, the
current draw when the tail is returning from theximaum displacement the current draw is minimised
as the tail construction acts like a spring tonmitito its centre position. Therefore, over ¢aiébeat
cycle there is two large current peaks; one whent#il is going to is maximum positive lateral
displacement and one when its going to its maximegmative lateral displacement. When the offset is
implemented the tail flaps more to one side thamother and so over one beat cycle there will bgly
one large current peak as can be seen in the bgifiminof Figure 6.26. However, when the average
current draw is compared for straight swimming &urding they are in a similar range because when
the offset is implemented a greater lateral disptzent will be required and therefore more current

will be drawn to achieve this. This is illustratedTable 6.5.
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Table 6.5: Power Consumption for turning with temdioive system

Tail Beat : Power
: Tail Offset Average Yaw .
Freq (Hz) Amplitude Consumption
(m) Angle Rate (deg/s) W)
0.61 0.105 0 0 1.97
0.61 0.105 -5 -3.05 1.99
0.61 0.105 -12 -4.39 2.033
0.61 0.105 -16 -5.34 2.0144
0.47 0.105 0 0 1.55
0.47 0.105 5 -1.49 1.51
0.47 0.105 -12 -3.97 1.53
0.47 0.105 -16 -6.82 1.54

The data presented in Table 6.5 highlights thatetlige not a significant different between the power
consumption for straight swimming and for that wfning. The two aspects of current draw for the
turning manoeuvre discussed above; the increaeifateral displacement when the beating is offset
and the restoring force of the tail, appear to ehmach other out. Therefore, it appears that for
manoeuvring there is not a significant differencdhe current draw between straight swimming and

turning
6.8 Propeller & Rudder Based System

This section presents the results from the manasgwials completed with the propeller and rudder
based system described in Chapter 3. A similar dwhtrials have been carried out for manoeuvring
using the propeller and rudder system as those levadpwith the tendon drive system, i.e. turning
from stationary and turning at speed. This allowe®mparison to be made between the two systems.
For the manoeuvring trials, experiments with thewaited head have not been conducted due to time

constraints.
6.8.1 Turning from Stationary

For the turning from stationary trials the propebased system has been positioned just in the difel
view of the camera at the start of each run. Thieirig rate is evaluated using six different rudder
angles (+15 +30° and +45) at four different nominal propeller rotationalesals (0.8, 1.6, 3 and 6.4
rev/s). Figure 6.27 shows the x-y trajectory far finopeller and rudder based system for ruddeeangl

of +15°, +30° and +48 with a nominal propeller rotational speed of 22"
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Figure 6.27: X-Y trajectory of propeller and ruddgstem for rudder angles of €1blue plot), +36

(green plot) and +45red plot) with a nominal propeller rotational sgeof 3.2 rev/s

These trajectories show that the greater the ruddele the sharper the turn carried out, however a
complete 18Dcourse change is not possible with any of theingrfrom stationary manoeuvres with
the propeller and rudder system in the field ofwigf the camera. In order to compare the turning

performance with the tendon drive system the ydesraeed to be compared.

The yaw rates obtained from the experimental tfialsudder angles of +25nd +30 and propeller

speeds are shown in Figure 6.28.
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Figure 6.28: Yaw rates obtainable for differentpeiter speeds for the propeller and rudder based
system. Red points indicate ¥3udder, Blue points +13Rudder, Green points -8@nd Cyan
points -3¢ Rudder
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These results indicate that like the tendon driystesn, the turning manoeuvre is not symmetrical
about the surge axis as a negative rudder comnmapehes to produce a larger yaw rate than the same
positive command. When these results are compaitdtie turning characteristics of the tendon
drive system it is clear that the asymmetry presehbth propulsion systems is in opposite diretio
This implies that one contributing factor to thig/ametry may be asymmetry present in the physical
implementation of each of the propulsion systemshé propeller based system this may be due to the
construction and layout of the propeller and rudd@rfiguration and in the tendon drive system as

mentioned previously could be due to the limitagioh the tendon drive tail.

Another interesting aspect to note is that wherytve rates obtained from both systems are compared
they fall in a similar range of obtainable yaw satelowever, due to the nature of the rudder based
system the actual turning radius achieved is diamtly larger than the turning radius achievechwit
the tendon drive system. From the turning resoltgHe tendon drive system shown in Figure 6.4 it
possible for the vehicle to turn by more than °li@0ess than 1.3m in the sway axis. However, in al
of the propeller and rudder based experimentsstrit been possible to turn by this amount in the
field of view of the camera. This is due to thentog force generated by the rudder which is
proportional to the flow over the rudder surfacel dnus proportional to the surge velocity of the
vehicle. Therefore, in order to turn effectivelysurge velocity of a sufficient magnitude is reqdito
produce the turning forces and moments as thiesy$ a flight vehicle which does not employ
thrusters. This in turn limits the turning radidstee vehicle and is the reason why certain undemwa

vehicles employ thrusters in the sway axis for neanoing [Bradbeerlet al 2004].
6.8.2 Turning at Speed

The trials for the propeller and rudder systeminhgrat speed have been conducted using the largest
rudder deflection possible of +24&t four different propeller rotational speeds. Ouoethe greater
acceleration of the propeller and rudder basedesyshe time for forward propulsion before turning
commenced has been reduced to 7 seconds for thellerospeeds of 0.8 reVand 1.6 revéand to 3
seconds for the propeller speeds of 3 teatsd 6.4 revs These times have been reduced to maximise
the time that the vehicle is within the field okw of the video camera whilst allowing enough time
for a sufficient speed to be obtained. Turningetttgries for the turning at speed trials are shown

Figure 6.29 for rudder angles of £45
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Figure 6.29X-Y trajectory for turning at speed manoeuvre for propeller and rudder based system
for rudder deflections of +4%solid line) and -45(dashed line) at nominal propeller speeds of 0.8

revs® (blue plots), 1.6 revs(red plot), 3 rev (green plot) and 6.4 revgcyan plot)

From the turning trajectories shown in Figure 6a28umber of interesting aspects of this manoeuvre
are apparent. The effect of the propeller induegdis visible in the majority of these results as
tendency for the vehicle’s trajectory to drift ihet positive y direction. The largest effect of this
induced roll is shown in the last plot where foe 45 rudder angle (dashed cyan line) the turning is
significantly less than the corresponding %4fdder angle. This is because at this propelleedhe
large roll induced is such that the component ofdgroduced by the rudder in the Earth-fixed sway
axis is reduced. The reason for this reductiomas the rudder is angled in the vertical plane ue

this induced roll.
6.9 Comparison of Tendon Drive and Propeller/RuddeSystems

As one of the main objectives of this work is twdatigate the potential benefits of a biomimetic
propulsion system over a conventional propulsicstesy, the results obtained from experimentation

with the two systems are compared and discussed.

From the turning from stationary trials for eaclsteyn it is apparent that a similar range of yawgat
is obtainable, with the maximum measured propedied rudder based system capable of slightly
higher rates of 14.23 desompared to the maximum of 12.27 dédsr the tendon drive system.
However, when the effective turning radii are comsplethe tendon drive system is capable of a course

change of 180in under 0.6m, whereas a course change of k80ot possible with the propeller
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based system in the field of view of the camerds T most likely due to the propeller and rudder

system requiring a sufficient surge velocity to quoe the required flow over the rudder control

surfaces and generate the required turning monugrihé manoeuvre. The yaw rate of the tendon
drive system is not as dependant on the surge it)ela® the propeller system therefore is capable of
turning with significantly smaller radii. A seleati of the power consumptions for the propeller/erdd

system and the tendon drive system are shown uréig 30.
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Figure 6.30 — Comparison of power consumptionsuoring from stationary manoeuvre for tendon
drive system and propeller system. Propeller sys$tasrudder set to-1and -30 with increasing
propeller speeds. The tendon drive system hasaaieftequencies of 0.47Hz and 0.61Hz, both with a

nominal beat amplitude of 0.105m

These power consumptions presented cover a comeaaige of yaw rates for both systems. The
relatively constant power consumption for the tendave system is apparent in Figure 6.30 as the
power consumption does not appear to change signtfi for increasing tail offsets at the same beat
amplitude and frequency parameters. It also higkdighat the power used by the tendon drive system,
for the parameters tested, is less than the powseaxt for the propeller and rudder system for similar

yaw rates.

When the turning at speed manoeuvres are compasidilar trend is observed for the turning from
stationary manoeuvre. For the tendon drive systamrying out a turning at speed trial the turning

radii obtained are reduced further over the turrfiogn stationary trials. The propeller and rudder
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based system is still not able to achieve a cocins@ge of 180in the field of view of the camera.
This highlights the large turning radius requireg this system especially when compared to the
tendon drive system that are able, under a nunifferemht of tail parameters, to obtain a full 280

the same area.

Another manoeuvring characteristic to compare & dsymmetry in each system. Asymmetry is
present in each system which is due to the impgofex in the construction of each propulsion
system. As previously discussed one of the linatetiof the tendon drive system is that it is anesnd
actuated system i.e. one servo is controlling tandimes that cause ten revolute joints to rotatee D
to this design and the small variations in the tendires during experimentation it is possible that
there are slight variations in the tail tip pogitiduring each trail. This would explain some of ¢t
experienced during the forward motion experimemtsChapter 5 and would also explain the
asymmetry in the yaw rates obtained from the twynmanoeuvres as the slight variations in tail

motions would be added or subtracted from the tideal offsets added to the tail for turning.

When comparing the power consumptions for bothesgstthe tendon drive system has the advantage.
The results presented in Chapter 5 have alreadwyrslioat for straight swimming the tendon drive
system uses less power and is more efficient tharptopeller and rudder system. Section 6.7 has
shown that there is not a significant differenceéhi@ power consumptions for straight swimming and
for manoeuvring. Due to the propeller and ruddesteay using two separate actuators, one for the
propeller and one for the rudder, there will beimerease in current for the propeller and rudder
system when turning. This is because the servo muatatrolling the rudder requires current to hold
the rudder in position while turning. Therefore,vasll as the tendon drive system showing better
turning performance capabilities it also uses =gsent and thus less power than the propeller and

rudder based system.
6.10 Summary

This Chapter has presented the experimental resiésned from the manoeuvring trials carried out
for the RoboSalmorvehicle. The Chapter starts with an overview & éxperimental procedure and
programs used throughout the manoeuvring trailssufe for the RoboSalmonturning from a
stationary position are then presented along withkliscussion of the characteristics observed.
Responses show the relationships between theftsdit® and the yaw rate obtained and a discussion
of the asymmetry of the manoeuvring characterissiggesented. The next set of trials conducted was
turning from speed which involved the vehicle tilimg in a straight trajectory for 8 seconds then

adding an offset to the tail for manoeuvring.

The use of the actuated head for turning is thenudised with a series of experimental trials which
involve only offsetting actuated head for turninging the actuated head and tendon drive tail s)sste
together for turning from stationary and turningspéed. These trials indicate that it is possiblese

the actuated head alone for turning althoughribisas effective as using the tail for turning. {laéso
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indicate that the use of the head and tail systgsther can improve the turning performance by
further reducing the turning radius by approximatelfactor of two for the turning from stationary

manoeuvre.

A pull out manoeuvre is then used with the tendavedsystem which proves the tendon drive system
IS capable of carrying out manoeuvres in a sim@nner to a conventional vehicle. The Pull Out
manoeuvre also indicates that tReboSalmorusing the tendon drive propulsion system is sttaig

line stable.

The next section presents the results obtained ttempropeller and rudder based system which
characterise the turning performance of the systéen turning from stationary and turning at speed

to allow for a comparison between the biomimetid eanventional systems.

Finally, the comparison between the biomimetic amhventional systems is presented which
indicates that manoeuvring advantages can be @lkdg using a tendon drive system in terms of
reducing the turning radius. The main conclusidra tan be drawn from the manoeuvring trials is
that the tendon drive system can achieve supariersheed turning performance when compared to
the propeller and rudder based system in termgroirtg rates and turning radii. The other conclasio

is that the use of the actuated head can significanprove the turning performance when used in

conjunction with the tendon drive tail system.
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Chapter 7 — Results:Simulation

7.1 Introduction

This Chapter presents simulation results for trimaducted using the mathematical model of the
RoboSalmoniscussed in detail in Chapter 4. These simulatadies involve experiments that have
been difficult to realise with the available hardevand time constraints. Such experiments include
swimming with a high tail beat frequency, burststoswimming, full turning circles, and a standard

zig-zag manoeuvre.

Throughout this thesis the focus has been on tbhmibietic tendon drive propulsion system. The
work has demonstrated the manoeuvrability of tlyistesn and the benefits in efficiencies at low
speeds when compared to the propeller based systemever, a number of limitations are also
present in the tendon drive system. These inclbdeattuator saturation in the servo which restricts
the maximum tail beat frequency and the presenceulfstantial recoil motion. There are numerous
ways in which a biomimetic propulsion system canréalised, thus this Chapter also presents a
simulation study of an underwater biomimetic prep system with a different actuation scheme.
This system is called the individually actuatedteys and is constructed from a tail with five
segments, each of which is actuated individuallyallyC servo motor. Although this system has not
been realised in hardware due to time constraints the resources available for the project, the
simulation study attempts to estimate the perfogeanf this system and determine how the

performance of this system compares to the tendua gystem.
7.2 Tendon Drive System Simulation

A number of simulation studies have been carriedusing the model developed in Chapter 4. The
resulting simulation results have been used tositigate aspects of the propulsion system thataire n
investigated experimentally. In total three simiglatstudies have been carried out, the first sitimda
the tendon drive system at tail beat frequencighéri than the maximum of 0.61Hz before actuator
saturation occurs. The second study involves sitionis of burst-coast swimminghis is a swimming
technique that fish use to conserve energy whemmswig by using cyclic bursts of swimming
movements followed by a period where the body ist kaotionless and the fish glides or coasts
through the water [Videler, 1993].The third studyolves simulations of a standard zig-zag
manoeuvre [IMO, 2002].

7.2.1 Swimming with High Tail Beat Frequencies

The current tendon drive system is only able talpee tail beat frequencies of around 0.6 Hz before

the onset of actuator saturation as discussed iapt€h 5. This is due to the speed-torque

159



characteristics of the DC servo motor used withie tendon drive system [Mabuchi Motor, 2009].
This simulation study attempts to investigate teefggmance of the tendon drive system if a higher

performance motor is used and also to assist Wilspecifying of a motor for the system.

From the model validation results shown in Appen@ixt is apparent that the model of the tendon
drive system is a reasonable representation ofdhkesystem. The one difference in the validation
results which does not correlate well is the timestant for the surge velocity, however the steady
state surge velocity obtained does correlate. Sitedlsurge velocity results are presented in Figure
7.1 for tail beat frequencies of 1Hz, 2Hz, 4Hz, 6w 8Hz. The corresponding tail beat amplitude
used in the simulations is 0.085m which correspdodB0% of the body length of tliRoboSalmon
This value has been selected as real fish tendddhis approximate percentage amplitude value for
swimming [Videler, 1993]. These specific tail béaguencies are not achievable with the hardware
of the tendon drive system due to the performamegaltions of the servo motor in terms of loaded

speeds obtainable.
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Figure 7.1: Simulated surge velocities at highlia#t frequencies with beat amplitude of 0,085m

As expected, the simulated surge results showath#lte beat frequency is increased the surge teloci
increases in a proportional manner. It can be femnthe surge ripple amplitude also increases with
increasing tail beat frequency. However, from tineutation study it appears that this ripple ammldu

is more sensitive to changes in tail beat amplitudéis is indicated in Figure 7.2 below which &iso

the surge velocities obtained for three tail beagdencies at three separate beat amplitudes.
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Figure 7.2: Simulated surge velocities obtainedHoee tail beat frequencies of 1Hz, 2Hz and 4Hz,
simulated at three beat amplitudes of 0.067m, Gr086d 0.135m

The surge velocity ripple shown in Figure 7.2 facke combination of beat frequency and amplitude
show that the ripple amplitude is more sensitivédat amplitude than to beat frequency. This could
be the reason for fish usually swimming at a reédyi constant beat amplitude and only varying the

beat frequency to alter speed as the ripple velogit not be increased as much as if they vartes t
amplitude..

The same linear relationship between beat frequandysurge velocity, as shown in Chapters 5 and 6,
can be seen more clearly in the surge simulatisalteepresented in Figure 7.2. Also shown in Figure
7.3 is data relating to actual salmon swimminghi@ form of real data points (green points that have
been scaled to length BloboSalmon The region between the red dashed lines indit@teredicted
range of efficient swimming using the range of 8teouhal number from 0.25 to 0.35 [Triantafyllou
& Triantafyllou, 1995]. This indicates that dataime for real salmon swimming speed lie within this
predicted range of increased efficiency.
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Figure 7.3: Comparison of estimated surge velaitigh real Salmon. Region between red dashed
lines indicate the range of efficient swimming &trouhal numbers between 0.25 and 0.35. Blue

points indicate simulateldoboSalmorsurge velocities. Green points indicate real Saludfata.

However, when the simulated surge velocity is camgavith the actual salmon surge speeds it can be
seen that the simulated surge velocities are lems the real salmon surge velocities by a factor of
approximately two. As expected this discrepancgus to fact that th®oboSalmommodel is mostly
based on the dynamics of a marine vessel withid higll. The only biological aspect of the model is
the way in which the thrust is estimated (see Gitap)t What accounts for the increased surge speeds
of the real salmon is the drag reduction mechansmgloyed by fish such as the mucus on the skin

and the undulatory nature of the tail [Fish, 1998].

When the simulated start up transients are obse¢hezd is an initial small offset in the yaw andles
to the initial movement of the tail. This is expEtivhen conducting the experimental trials howdver

IS not obvious as other factors come into play sagthe asymmetries of the tail system.
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Figure 7.4: Simulated recoil motion in yaw and eollgles for high tail beat frequencies

Another interesting aspect of these simulationthé the simulated recoil motion is significantly
reduced as shown in Figure 7.4. These plots inglitedtt there is what appears to be an exponentially
decaying relationship between tail beat frequemt/the corresponding angular displacements in yaw
and roll. Therefore, there may be significant bisdf terms of surge velocity and recoil reduction

the RoboSalmorfior swimming at high tail beat frequencies.

However, in order to obtain the benefits with higlheat frequencies a higher performance servo
would be required. A higher performance servo wdaddarger and have greater power consumption
than the current servo motor used. Use of suchareoswould cause problems in terms of space
available within the vehicle to house the new maiod could also negate the efficiency benefits of
the tendon drive system. This indicates that tewiht approach to the actuation of the tail system

such as the fully actuated approach, discussdtkinégxt section, would be a better option.
7.2.2 Turning Circle

The turning circle manoeuvre, discussed previousighapter 6, is a means of comparing the turning
performance of different ships. This section iniggdes the turning circles at higher tail beat
frequencies than the current hardware is capabldte frequency selected for this turning circle
investigation is 1Hz. This is thought to be a readbe beat frequency for normal steady-state

swimming as data is available for real fish swimgnimithin this frequency range [Videler, 1993].
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Figure 7.5 shows the turning circle obtained fas theat frequency at a beat amplitude of 0.15ms Thi
beat amplitude was selected as it would allow foomparison to be made between the experimental

turning circle discussed in Chapter 6 and the satedl turning circle.

Tall Beat Frequency = THz

—— —-25 Degree Tall Cffset
+25 Degree Tail Offset
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0.8 RiX] 0.4 0.2 Q 0z 0.4 0.8
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Figure 7.5: Turning circle for tendon drive systeith tail beat frequency of 1Hz and beat amplitude
of 0.15m.

Firstly, from the turning circle manoeuvre of Figut.5 the negative yaw offset caused during sfart u
is visible as the straight course is angled. Tletidal diameter obtained for the experimental togni

circle in Chapter 5 is 0.55m at a beat frequenc®.d8Hz and amplitude of 0.15m. The simulated
turning circle has the same beat amplitude butratalouble the frequency. Doubling of the beat
frequency has the effect of increasing the tacticaineter to 0.67m as shown in the simulated result

This is expected due to the increase in the suelpeity obtained with the doubled beat frequency.

Another aspect of increasing the beat frequendhds the lateral recoil displacements are reduced.
The experimental turning circle had a lateral péakpeak recoil oscillation of just under 0.1m

however, with the increased beat frequency thiskeas reduced by a factor of two.
7.2.3 Burst-Coast Swimming

One type of swimming technique that is employedriany species of fish is burst-coast swimming.
This technique consists of cyclic bursts of swingnfollowed by a period where the fish remains
motionless and glides or coasts [Videler, 1993jhFémploy this technique to conserve energy, and a
saving of around 50% can be achieved when comp@reourst and coast swimming for high
swimming speeds [Videler, 1993]. Figure 7.6 showsiraulated burst coast manoeuvre for the

RoboSalmorendon drive system.
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Figure 7.6: Simulated Burst-Coast swimming RmboSalmon(a) Burst-Coast (b) Straight swimming
for comparison. Top Graphs show surge velocity laottbm graphs show estimated power. Average

values are shown by the red lines.

The burst coast simulation shown above uses a@detil frequency burst of 3Hz followed by 6
seconds of coasting. In order to obtain a simil@rage speed when swimming a tail beat