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Abstract

The aim of this research is to investigate if tethered robots can be localised using sen-
sors mounted along the tether, also known as tether localisation.

For environments where external infrastructure is not available for absolute posi-
tioning and conventional SLAM technologies do not work, tether localisation may be
able to provide an estimation of position. An example of such an environment is the
primary containment vessel (PCV) in reactor 1F at the Fukushima Daiichi Power Plant
in Japan. Remotely Operated Vehicle (ROV) inspections are necessary to allow the
safe decommissioning of the facility, however external beacons cannot be installed for
absolute positioning and the water is too dark/turbid to allow for vision SLAM.

This thesis presents work conducted on tether localisation on a 2D plane. A simu-
lation environment is implemented and experimentally validated using the Vicon sys-
tems. It was observed that the dynamic simulation of the tether provided some infor-
mation about the tether’s behaviour, however its accuracy is still unclear. Additionally,
a kinematic simulation of the tether was implemented in order to see if it is viable to
estimate the end location of a 0.30 m piece of tether using three low-cost commercially
viable sensors.

The conclusion of this work is that the dynamic simulation of the tether requires
much more work to provide a more realistic tether simulation as the current simula-
tion does not consider the restoring forces of the tether. Additionally, the implemented
short tether localisation system has many flaws and provided a varying error depend-
ing on the measured angle. The uncertainty of the sensor readings was ±3.10◦ which
was implemented into the simulation to see the error propagation for a long tether. It
was found that for a 30 m tether deployed along the y-axis on a 2D plane the average
absolute error in the estimated position was (2.79,0.01) m, and the uncertainty in the
estimated position was ±(3.00,9.68) m. These errors imply that expanding this sys-
tem is unfeasible. It was discovered that in order to reach mm accuracy with 10 cm
precision the sensor must provide measurements within ±0.02◦ of the actual value.
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Chapter 1

Introduction

Robots are very popular for underwater operations. The majority of these operations
are conducted by Autonomous Underwater Vehicles (AUVs) and Remotely Operated
Vehicles (ROVs). These vehicles are used to carry out numerous physical and sensing
tasks in a wide array of applications. Specifically ROVs and AUVs have been used to
aid in fossil fuel exploration, geophysical field surveys, salvage operations, offshore
exploration [4, 5, 6, 7] and nuclear decommissioning inspection [8]. This means that
the data can be collected from the environment without having any person exposed to
the risks of the environment.

In the majority of these operations and tasks, the precise location of the robot is
necessary for the robot’s autonomous behaviour, accurate characterisation of the envi-
ronment and the completion of the operation [7, 9, 10]. Traditionally, robots in outdoor
environments such as drones or field robots use an absolute positioning system such as
the Global Positioning System (GPS). However, for environments that are GPS denied
robots will use simultaneous localization and mapping (SLAM) to localise themselves
[11, 12, 13].

There are environments where neither absolute positioning systems or SLAM sys-
tems are suitable. The problem then arises with how does one localise a robot in these
said environments? An example of one of these environments is the Fukushima Dai-
ichi nuclear plant, where its reactors were damaged during an earthquake in 2011 and
were stabilised by flooding them. The extent of the damage that was caused to the
reactors is unknown. As part decommissioning process, ROVs were used to retrieve
images (one shown in Figure 1.1) of the damage inside of the reactor [1]. The reactor

13



14 CHAPTER 1. INTRODUCTION

has a 150 mm access port which limits the size of robots and equipment that can be
sent into the environment.

Figure 1.1: Picture of possible melted nuclear fuel inside the Fukushima nuclear plant
[1].

The navigation of the ROVs was done via video feedback as no underwater lo-
calisation system currently exists that can function in these environments. There are
many characteristics of the environment which make absolute positioning systems and
SLAM systems unusable. GPS cannot be used for localisation as it uses radio waves
that cannot penetrate through a body of water [5]. Other absolute localisation systems
such as acoustic localisation systems are also unusable due to the multipath effects that
occur in confined spaces and due to their complex calibration requirements [8, 14]. Ad-
ditionally, electromagnetic (EM) systems are also unusable as they have very limited
range before repeaters are required [15]. Furthermore, SLAM systems that use vision
will not work due to the dark and turbid water and the lack of salient features [16].
Also SLAM that uses sonar systems struggles in enclosed environments [17]. This
means that the only system that can be used in such environments are odometry based
systems which are very inaccurate [18].

Another example of a challenging environment is Sellafield, which is also a GPS
and SLAM denied environment. However, there have been multiple ROVs inside the
Sellafield site but these ROVs lack positional knowledge which raises issues during
manual operation (or requires highly skilled pilots). It does preclude the ability to use
autonomy. Hence, the localisation of underwater vehicles is still the subject of a large
amount of research [19, 20].
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Therefore, a method to localise a robot in said environments is necessary in order
for them to complete assigned tasks (such as autonomous surveillance). Due to the ac-
cess constraints, the localisation system should not require any equipment to be added
to the environment for it to work as it would be difficult to place and calibrate them in
the environment.

Tethers are used for robots in nuclear environments for multiple reasons, such as:
providing power to the robot and retrieval of the robot if it no longer functions, runs
out of power or gets stuck in the environment [21, 22, 23]. Additionally, the tether pro-
vides a communication link enabling teleoperation of a robot in environments where
wireless signals are insufficient or may not work [24].

Tethers can be problematic as they reduce the manoeuvrability of a robot [25],
which causes a problem in unknown, potentially cluttered environments common in
nuclear power plants such as Fukushima. The tether can get stuck on many obstacles
and thus limit the robots movements. However, a tether is still considered a necessity
in these types of environments due to the need to be able to retrieve the robot if it fails.
Consequently, a localisation system that uses the tether is seen as preferable for AUVs
and ROVs in these unknown, radioactive environments.

1.1 Aims and Objectives

The aim of this project is to investigate the feasibility of a tether localisation system
for a robot. A tether localisation system is one that uses sensors mounted on the tether
to estimate the position of the tethered robot. At first a 2-D plane solution in air would
be investigated to see whether it is feasible to implement the system in 3-D, warranting
further research. If the localisation system designed in this project is deemed unfeasi-
ble, this thesis will propose another method that may work.

The objectives for the project are:

• Understand the requirements for a model of a tether’s kinematics.
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• Implement a 2-D dynamic model for the tether to simulate its movements for
different motions of the robot in order to figure out the effect of the tether on the
robot.

• Investigate methods to measure the position of sensor nodes along the tether.

• Implement and analyse a proof-of-concept tether localisation system.

1.2 AVEXISTM

An example of an ROV which tether localisation could be implemented on is the
AVEXISTM(Aqua Vehicle Explorer for In Situ Sensing (shown in Figure 1.2)), which is
a small-scale underwater vehicle originally developed by the University of Manchester
for the inspection of legacy nuclear fuel storage ponds at the Sellafield site in Cumbria
[26]. The AVEXISTMhas gone through three phases since the beginning of the project
where it has been redesigned and reduced in size. The robot is designed to fit through
the 150 mm access ports in both the Sellafield and Fukushima Daiichi sites. It is op-
erated and powered via a tether which is also used to retrieve the video feedback from
the camera on board the AVEXISTM. The robot can also carry an external radiation
dose sensor and a short range sonar to help characterise the environment; however,
these increase the overall size of the system and therefore it will not fit through the
150 mm access ports. Appendix A details work undertaken during this research on the
AVEXISTMcontrol systems.

1.3 Research Outcomes

This project focuses on in air localisation as it is easier to test and validate in com-
parison to underwater. The feasibility of tether localisation will be considered in air,
and if deemed a practical solution, the implications of adapting the design to operate
underwater will be considered.
This section outlines the outcomes of the project.

• Tether model: A pre-existing 2D dynamic elastic chain model was modified in
order to simulate the tether’s behaviour for different robotic manoeuvres.

• Experimental validation of the proposed in air localisation system using
low-cost, commercially available flex sensors: A test rig was developed to
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Figure 1.2: Picture of the AVEXISTMwith a sonar attached below it in the Naraha
facility in Japan.

analyse the performance of the proof-of-concept system. The end point of the
tether was calculated using a forward kinematic model and the results were anal-
ysed.

• Analysis of sensor requirements: An estimate for the required accuracy of the
sensors was calculated. This estimate can be used to obtain accurate and pre-
cise localisation of the end point of the tether. A different localisation system
(a visual system) was considered and discussed, however due to its many imple-
mentation challenges, it was concluded that Fibre Bragg Gratings (FBGs) may
provide the best solution.

The contents of this thesis pertain to two localisation systems that fit the require-
ments outlined in Section 1.1. The feasibility of the first localisation system is in-
vestigated fully and the issues surrounding its application are discussed. The second
localisation system is discussed briefly, however no judgements regarding its feasibil-
ity could be made due to the time constraints of the project.
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1.4 Thesis Structure

This thesis is not presented in chronological order and a lot of the work was conducted
concurrently. The thesis is outlined as follows; Chapter 2 focuses on the state of the
art underwater localisation techniques and why they cannot be used in the target envi-
ronments, the current state of the art tether localisation systems and why they cannot
be used or why they are not suitable in the target environment. Chapter 3 focuses on
the development and validation of a tether model. Chapter 4 investigates the proposed
in air 2D plane localisation system and analyses the results obtained from it. Addition-
ally, it discusses the weaknesses of the proposed system and why it should no longer be
investigated and adapted into a 3D localisation system. Chapter 5 proposes another lo-
calisation system which is image based and it also discusses some of the strengths and
weaknesses of said system if it were to be implemented. Finally, Chapter 6 concludes
the thesis with a summary of the work achieved throughout the project and outlines
any future work required.



Chapter 2

Literature Review

Chapter 1 outlined some of the challenges caused by specific nuclear decommissioning
environments. Specifically, these environments are GPS and SLAM denied, which
adds further problems to the existing challenges in underwater localisation.

This chapter will summarise the current underwater localisation systems and dis-
cuss their merits and feasibility for use in the Fukushima application described in
Chapter 1. Furthermore, it would also review the current tether localisation systems
and discuss their feasibility in the target environment.

2.1 Underwater Localisation Methods

Underwater localisation systems can be grouped into three categories; absolute posi-
tioning systems which require external infrastructure (GPS, acoustic, EM and visual),
SLAM systems which use exteroceptive sensors and do not require external infrastruc-
ture (visual, laser and sonar) and odometry systems which generally use proprioceptive
sensors and do not require any external infrastructure (visual and inertial navigation
systems).

This section will discuss these systems and why they cannot be used in the target
environment.

2.1.1 Odometry Based Localisation Systems

Odometry based localisation system uses the robot’s motion and actuation systems
to estimate the position of the robot. This can be done using three methods, inertial
navigation systems [18], visual odometry [27, 28] or encoder-based odometry [28].

19
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Visual Odometry:

Traditionally for wheeled robots, odometry is the process of calculating the position
of the robot by measuring the wheel rotations, this estimation is imprecise due to the
problem with the wheels slipping and sliding on the floor [28]. This method however,
cannot be applied for robots with non standard locomotive methods such as underwater
ROVs. Therefore, visual odometry is used instead, this determines equivalent informa-
tion using camera images [27]. The reason why this system is impractical is due to the
dark and turbid water in the environment and hence the estimation provided by this
system will be very inaccurate or it will not work at all.

Inertial Navigation Systems (INS):

Inertial navigation systems (INS), are usually used as the core navigation system of
robots due to their ability to continually provide measurements [18]. By using an iner-
tial measurement unit (IMU) or other velocity and acceleration sensors the position of
the robot can be calculated in the same way as odometry. The position of the robot for
small time intervals can be accurate, however due to the inherent error accumulation,
achieving accurate results over a long period of time using only an INS is impossible
[18]. Furthermore, for really slow moving robots, such as the AVEXISTM, IMUs can-
not pick up their acceleration as it is below the noise threshold [29].

To correct the drift and improve the navigation accuracy, these sensors are com-
monly paired with other sensors such as a Doppler velocity log (DVL), global po-
sitioning system (GPS) or an acoustic positioning system (APS) [30, 31]. The GPS
position is not available underwater [30] and Doppler velocity logs are relatively large
and cannot be deployed along side a robot that can fit through the 150mm access port
in the mentioned environment. Therefore, other systems have to be considered and
they have their respective downfalls in the target environment.

2.1.2 Absolute Positioning Systems

Absolute positioning systems require the installation of equipment inside or outside the
environment in order for them to retrieve the absolute position of a robot [32, 33]. The
most common absolute positioning systems are the global positioning system (GPS)
[34, 35], acoustic positioning system [14, 33, 36], and electromagnetic positioning
system [36, 37]. In some cases, image based systems are used to localise a robot
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[15, 38]. As discussed previously, GPS cannot be used in the target environment as
the radio signal cannot penetrate the body of water. Therefore, the other three systems
need to be discussed and investigated.

Range Based Acoustic Positioning Systems:

Acoustic localisation systems are based on measuring the range between an acoustic
modem (speaker) and a hydrophone (microphone designed to be used underwater) or
vice versa and using the geometric relations between them [39].

There are three main categories of underwater acoustic positioning systems which
are: long baseline (LBL), short baseline (SBL) and ultra-short baseline (USBL) or
sometimes known as super-short baseline (SSBL) [14]. The baseline is the distance
between the beacons within the calibrated network [40].

A LBL system has an array of transponders with a baseline of 50-2000+ m in-
stalled on the sea floor and obtains the range estimation to a responder mounted on
an underwater vehicle [40]. The system then uses the range estimation between three
or more transponders to estimate the position of the underwater vehicle [14]. Even
though the system has very good positional accuracy independent of the water depth,
this system is not usable in the target environment due to the required baseline. Ad-
ditionally, the deployment of the transponders is expensive and time consuming and
requires extensive calibration [14], which will be difficult if not impossible to do in
the target environment. Furthermore, many radioactive environments will cause these
transponders to fail after a sufficient dose [41, 42, 43]. This would further the expected
cost and time consumption associated with this system as well as increasing the risk to
manual operators.

A SBL system has a baseline between 20 and 50 m where the transponders are
usually mounted on a surface vehicle/vessel and the responder will be mounted on the
underwater vehicle. Since the system gives the position of the robot with respect to
the transceivers mounted on the vessel, the system requires a Vertical Reference Unit
(VRU), a gyro and in some cases a surface navigation system (such as the Global Posi-
tioning System (GPS)) to provide a position that is earth referenced [14]. This system
can achieve high position accuracy without needing any transponders on the water en-
vironment’s floor like the LBL system. However, the system requires transponders to
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be placed with a baseline of 20 to 50 m on the water surface, which for the target envi-
ronment might not be possible.

A USBL system has a baseline of less than 10 cm and consists of a transceiver,
generally mounted on a pole and a single responder mounted on the ROV [44]. The
system measures the phase comparison between them and uses the time of flight to
calculate the distance (AoA) [14]. This system would be difficult to use in the target
environment because it requires detailed calibration, it is very dependant on the VRU
and is very susceptible to noise [45].

Range based acoustic localisation systems are the most common localisation tech-
niques for underwater operations like oil and gas exploration. Which is mainly due to
their ability of localising a robot up to 80/90 km away. Furthermore, it allows allows
for two way communication with the robot for navigation and telemetry purposes [46],
however this is not required for the target environment as the tether can be used for
more reliable communication and a higher bandwidth.

Moreover, the performance of these systems in shallow water is poor and in en-
closed environments the system can create strong multipath interference [8]. These
environments can also have ambient noise which will also affect the performance. Ad-
ditionally, other characteristics of the water like temperature gradients, salinity and
turbidity can greatly affect the performance of the system [47]. Because of these lim-
itations this system cannot be used in the proposed environment as it is an enclosed
environment with unknown water characteristics and installing and calibrating the sys-
tem is really difficult if not impossible. Hence other systems have to be considered to
localise a robot in the target environment.

Electromagnetic (EM) Systems:

Electromagnetic (EM) signals can be used to localise an underwater robot [48]. Local-
isation systems that use EM signals use similar techniques to acoustic systems. This
system exploits the fact that the power of EM waves attenuates rapidly with distance
to estimate the distance to the source accurately when the output power is known [49].
Which is the same as the received signal strength indicator (RSSI) method in acoustic
systems. The number of nodes required is dependent on the size of the environment.
Hence, this is only practical for small environments.
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The EM localisation system gives high accuracy (cm accuracy) of the position
estimation [49]. However the main limitation of the system is its very short (<3 m)
working range [37, 48] making it unusable in the target environment. Furthermore, the
target environment (Fukushima) is filled with sea water which reduces the practicality
of using EM systems due to the high attenuation of the signals in the environment.

External Image Based Localisation Systems:

Image based localisation systems work by retrieving the position and orientation of
either an object in a camera image or resolving the position and orientation of the cam-
era [50]. There exists two common methods to retrieve the position of the robot using
image based localisation and they are external based image localisation systems and
Visual Simultaneous Localisation and Mapping (V-SLAM), which will be discussed
in Section 2.1.3.

An externally based image localisation system can be implemented with one or
more cameras that have a line of sight of a robot equipped with a marker (e.g. LEDs,
reflective targets, colours, etc.) and have a known reference point in the image [51].
The accuracy of the system depends on the quality of the image and the precision of the
robot identification algorithm. An example of this system being used is its deployment
in the Naraha test facility [15]. Where the designed system used an overhead camera
with active markers mounted on the robot, environment markers and an on-board pres-
sure sensor to measure the depth of the robot. These were used to transform the pixel
position of the AVEXISTMinto real world 3D coordinates [15].

This type of system provides high accuracy of the position estimation and lacks
accumulated error [15]. However, this system requires continual, direct line of sight of
the robot to estimate its position which limits the use of the technology in underwater
environments that are cluttered or have high turbidity in the water. Despite that, this
system can be implemented in a way which can avoid these limitations, as is further
explained in Chapter 5.
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2.1.3 Simultaneous Localisation and Mapping (SLAM)

A robot can build a map of the environment and simultaneously use this map to es-
timate its pose and position using a process called Simultaneous Localisation And
Mapping (SLAM) [52]. This section will cover the SLAM systems that are used for
underwater environments.

Visual Simultaneous Localisation and Mapping (V-SLAM):

If images are used to create the map, the SLAM process is called Visual-SLAM or
V-SLAM. V-SLAM aims to estimate the camera trajectory while reconstructing the
environment [53]. V-SLAM can be fused with INS systems (mainly IMUs) to increase
the accuracy of the position estimation [54]. When building the map, V-SLAM iden-
tifies object landmarks in the environment and compares subsequent images with each
other to estimate the position of the robot [55]. There are two types of V-SLAM; mono
V-SLAM which uses one camera and stereo V-SLAM which uses two cameras instead
of one (mono V-SLAM) to increase the accuracy [51].

The main issue with V-SLAM is that its range decreases drastically in muddy and
turbid waters [50]. Additionally, it has difficulty in environments with too few land-
marks to track [50]. This makes the use of V-SLAM difficult in the target environment
described in Chapter 1 due to the dark and turbid water. Additionally, since this method
requires large amounts of processing power, the operating time of an autonomous bat-
tery powered robot will be limited. However this last issue is not important for this
project as any potential robot will be powered from a tether, and so will not be limited
by its run-time.

Sonar Based Systems:

In water, acoustic signals can travel long distances without losing signal strength be-
cause sound waves can propagate through water. Sonars detect objects by transmitting
and receiving signals (echoes) and are capable of detecting objects with a resolution
of 20 mm and a range of 50 m [56]. The detected echoes from the environment can
be used to reconstruct an acoustic image which can be used to implement SLAM algo-
rithms [17].
The most common types of imaging sonar are the mechanically scanned imaging sonar,
electronically scanned imaging sonar and the sidescan sonar [17]. The electronically
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scanned imaging sonar is much more expensive than the latter.

Sonar systems can achieve highly accurate acoustic images in many underwater
environments with many different characteristics (temperature, pressure, depth and
visibility). However, in structured environments, feature extraction from the data re-
quires significant post processing due to the noise in the sonar image which is caused
by the production of ghost returns because of reflections [57, 58]. Therefore, this sys-
tem struggles in enclosed featureless environments [59], meaning that this system is
unusable in the target environment mentioned in Chapter 1. Another constraint of the
mechanically scanned imaging sonar is that the robot is limited to very slow velocities
because of the slow update rate [17]. However, for robots such as the AVEXISTMthat
will not be an issue due to its slow speed.

LiDARs:

LiDARs are generally used for performing SLAM in ground robots due to their high
accuracy, latency and resolution [60]. However, because the laser can be attenuated and
dispersed underwater, the use of LiDARs is limited in such environments. The current
underwater LiDAR systems are generally used for general image 3D reconstruction of
the environment due to its high resolution [61]. However, these underwater LiDARs
are very large and hence can only be used on board large underwater vehicles. There-
fore, this system in not applicable for this research as the target environment outlined
in Chapter 1 necessitates a robot that can fit through a small access port.

2.1.4 Discussion

The target environment for this project is the Fukushima Daiichi nuclear plant, which
has poor visibility with murky waters due to debris and sludge surrounding the pres-
sure containment vessel (PCV). There are also a lot of mechanical structures in the
water making it a confined and cluttered environment [15]. Therefore, creating mul-
tipath and shadowing effects which effects the accuracy and performance of acoustic
systems. Furthermore, the cluttered environment will force the robot to be out of the
field of view of external image based localisation systems which will stop the localisa-
tion system from functioning.

Additionally, the access to the target environment is limited to a 150 mm access
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port [15] which limits the possibility of installing equipment that are required for the
operation of acoustic and EM localisation systems. Moreover, sonar can work in the
environment but it struggles in enclosed featureless environments due to reflections
and ringing. The environment has dark and turbid water making visual localisation
systems unusable. Therefore, none of the mentioned methods can localise a robot in-
side the target environment.

Table 2.1 shows a summary of the usability of the above mentioned systems in
the target environment. The table highlights whether the system is able to operate
without additional external infrastructure, whether the system is able to operate in
SLAM denied environments (featureless with dark and turbid water) and finally if the
system is usable in the target environment.

Table 2.1: Summary of the most common underwater localisation systems.
Technology Acoustic EM signals Image Odometry Sonar Lidar
Able to operate
without additional
external infrastracture?

No No method dependant Yes Yes Yes

Abe to operate in
SLAM denied
environments?

Yes Yes No Yes
depends on
environment No

Suitable for target
environment? No No No No No No

The proposed localisation system that this project will focus on, will be using the
tether of the robot. Using the tether would avoid the main unwanted environmental
characteristics while also fitting the size constraint (to fit through access port). There-
fore, it can be used to localise a robot in the Fukushima plant. In confined environments
it might be the only viable method of localising the robot as it would not require any
external equipment (such as beacons) to be added to the environment. This system
once completed can be used for localising both underwater and ground robots.
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2.2 Tether Localisation

The previous section has highlighted the fact that for an environment where additional
external infrastructure cannot be used and where there is dark/turbid water, there is no
suitable localisation technology. Localisation using sensors mounted on the tether is
therefore an interesting topic to explore in further detail. This section will review the
current state of the art tether localisation systems.

The localisation of the robot can be used for two different reasons. Firstly, it can
be used so that an autonomous robot can calculate the required control action for it to
complete its assigned task [62]. This implies that a precise estimation of the position is
required so that the controller does not have to deal with sudden impulses in changes of
the position. For example, the Jackal unmanned ground vehicle [63] and the DJI Phan-
tom 4 RTK drone [64] use real-time kinematic (RTK) GPS to localise themselves, this
localisation solution provides 1 cm accuracy with 0.01 cm precision. Since underwater
robots which are much slower and experience much more damping compared to the
two aforementioned robots, the precision and accuracy of the localisation system can
be less than the RTK system while also providing a smooth control action.

Secondly, the localisation can be used to localise any target material (such as nu-
clear waste in Fukushima), in this case the precision of the localisation system has less
effect on the control action of the robot however, it has an effect on the confidence
of the estimated position of the target material. In this scenario the accuracy and the
precision of the estimated position is what the user will be interested in. The interna-
tional atomic energy agency (IAEA), which is an international organisation that seeks
to promote the peaceful use of nuclear energy, specifies that the locations of nuclear
material should be specific enough (within 1 m) to allow for prompt retrieval [65, 66].
Therefore a prospective tether localisation system must be able to provide the location
to an accuracy of 1 m in the worst case scenario.

For example, nuclear waste is generally stored in 15,30 and 55 gallon drums [67,
68], the 55 gallon drum has a diameter of approximately 0.6 m and a length of 0.9 m.
For such containers, as long as the estimated position is accurate, 1 m precision should
provide high confidence in the position of the container. However, if the robot is re-
quired to localise smaller nuclear waste such as broken up fuel rods which consists
of a number of pallets (which are 1 cm in diameter and 1 cm long) [69] the accuracy
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and precision of the system needs to be much better. Therefore, the tether localisation
system should localise the nuclear waste to approximately ±10 cm.

2.2.1 Tethered Simultaneous Localisation and Mapping (TSLAM)

In cluttered environments the tether will get tangled around a number of ‘anchor points’
which complicates the navigation of the robot [2]. The University of Toronto has
shown that by measuring the length of the deployed tether and the bearing to the most
recent anchor points, they can formulate a TSLAM problem that allows them to esti-
mate the pose of the robot and the position of the anchor points. When the robot moves
in cluttered environments the tether would get tangled around obstacles and in order
for it to return to the base station it must sequentially untangle itself from each ob-
stacle. The system uses active anchor points (any obstacle currently in contact with a
tether). By assuming that tether is always taut and knowing the length of the deployed
tether, the bearing-to-anchor and the odometry of the robot it can estimate the position
of the active anchors and the pose of the robot as seen in Figure 2.1.

Figure 2.1: The TSLAM problem. Where the position of the anchor points and the pose
of the robot are unknown and will be estimated by using the tether length, bearing-to-
anchor angle, and odometry gathered along the trajectory [2].

This method could work in the proposed environment as it would work without
having to place any external sensors in the environment. However, the system requires
the odometry of the robot to be able to estimate the position of the robot. The odome-
try of underwater robotics can be obtained either by using IMUs (Inerial Measurement
Unit) or visual odometry which uses stereo cameras. The problem with these two sys-
tems is that stereo cameras will not work in dark/turbid water and the IMUs accuracy
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will decrease over time due to drift and it will also not work for slow moving under-
water vehicles such as the AVEXISTM.

Additionally, as the system requires the cable to be taut at most times, this means
the underwater robot must provide enough force to keep the buoyant tether taut which
for a robot like the AVEXISTMis not possible or a smart tether spooling method has to
be considered to release only the required amount of tether to keep the tether taut at
all times. Furthermore, the accuracy of the system varies from 0.5 to 2 m depending
on the length of the tether deployed and hence it is not accurate enough in cluttered
environments.

2.2.2 Indoor UAV Localisation Using a Tether

Texas A&M University has designed an indoor UAV localisation system using a tether.
The system uses the the length of the tether, the tether azimuth and the elevation angle
to estimate the position of the UAV by feeding the retrieved data into a mechanical
model which retrieves an imaginary straight tether between the origin (centre of the
tether reel) and the UAV [70]. The mathematical model works on the principle of
the catenary curve, which is used to predict the geometric response of hanging cables
under the effects of gravity [70].
This system works well in air as the cable will always be under the effects of gravity
and this model would also work underwater if the tether was not neutrally buoyant.
However, the majority of tethers used for underwater robots are neutrally buoyant to
minimise its effects on the movement of the robot. Neutrally buoyant cables stay in
their position underwater and therefore, this method of localising a tether cannot be
considered as it will not work for the proposed application.

2.2.3 Smart Tether

KCF technologies have designed a smart tether which has sensor nodes embedded in
the tether it self [71] and thus would not require any extra equipment to be installed in
the environment. The sensor nodes are IMUs (Inertial Measurement Unit) that measure
the acceleration, magnetic field and angular rate. The nodes are used to measure the
orientation of the tether and use that information to estimate the position of the robot
and the shape of the tether [71]. The system updates its position at 5 Hz and has an
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accuracy of 1.5 m. This system can in theory be deployed in Fukushima; however, it
is too inaccurate to provide a functional navigation system in a confined environment.

2.2.4 3D Shape and Position Sensing Using Fibre Optics

Multiple companies and universities have experimented with using fibre optics to mea-
sure the three dimensional shape or the location of an object.

Luna Innovations’ position-sensing technology is based on Optical Frequency Do-
main Reflectometry (OFDR). OFDR allows for measuring the distributed strain along
an optical fibre with high resolution, by using “phase-tracking techniques to compare
Rayleigh scatter measurements with a baseline reference state” [72]. Luna Innovations
experimented with a 30 m fibre optic cable which used Rayleigh scattering to deter-
mine the position of the end point. Rayleigh scattering (light scatter) that occurs in a
core at specific axial locations of the optical fibre can be detected using Rayleigh scat-
ter detectors. The accuracy of the measurement was approximately 1% of the length
of the tether, at 0.2 Hz [72]. In one of the shape testing demonstrations, the RMS path
measurement error was approximately 7.7 cm and a maximum measurement error of
13.5 cm was found. Where the path measurement error is the distance between a test
point and the closest point on the 3D shape measurement [72].

The shape and position sensing is done through measurements of axial twist and
curvature along the length of a helical multi core optical fibre. The distributed strain
along the length of the centre core and the three outer cores (as seen in Figure 2.2) is
monitored by OFDR techniques. The three outer cores are spaced at 120◦ from each
other with respect to the centre of the core. This allows the shape-sensing fibre to
convert the multicore distributed strain measurement into a 3D position [72]. When
the tether bends, each of the outer cores experiences an alternating state of tension and
compression along its helical path. Since the centre core is located in the centre of
the sensing fibre it experiences very little first order strain while the other three cores
exhibit sinusoidal strain responses that are 120◦ out of phase which each other. The
amplitude and phase of the three strain curves can be compared to find out the bend
radius and its direction relative to the fibre’s coordinate system.
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Figure 2.2: Cross-Section of the fibre optic tether, where the smaller circles are the
cores along the tether.

Under twist, a common mode strain is experienced by the three outer cores. De-
pending on which way the tether is twisted, the three outer cores will experience either
a tensile strain (if twisted in the direction of the helix) or compression (if the twist is in
the opposite direction). The magnitude of the common mode strain signal allows the
state of twist along the fibre to be determined. The centre core strain measurements
are used to compensate for tensile strain and temperature changes in the fibre. The
obtained twist measurement is used to convert the 3D curvature measurement relative
to the tether’s local coordinate system to a fixed 3D grid. The 3D grid is defined by the
position and vector direction of the fixed start point of the fibre [72].

NASA have used low reflectance Fibre Bragg Gratings (FBG) and strain sensors
in a multi-core fibre to provide much more accurate results in a 10 m tether, where
NASA claims that their positional accuracy is (less than 1 mm) ten times better than
any other comparable fibre based technique [73]. FBGs are used in multiple disci-
plines to sense different characteristics as they are sensitive to strain, temperature and
pressure. FBGs can be attacked (etched) or embedded into a fibre, this can be done
via internal and external inscription techniques. In recent years, the external inscrip-
tion techniques have become more prominent due to the inefficiency of the internal
inscription techniques. Currently, three basic external inscription techniques exist: in-
terferometric, phase mask and point-by-point inscription method [74]. FBGs work on
the principle of blocking certain wavelengths of light that are transmitted along the
core. NASA’s approach relies on the characteristics of the FBGs. FBGs characteris-
tics change depending on curvature and temperature, by sensing the relative change in
three or more fibre cores an accurate change in 3D position can be determined. NASA
also states their system provides high spatial resolutions for fibres up to 10 m long,
the AVEXISTMcurrently uses a 50 m tether (which can be shortened) so a compromise
in resolution and accuracy has to be made in order to increase the length of the fibre
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core to the required length. In previous demonstrations of the AVEXISTMa maximum
of 20 m of tether was actually deployed hence the tether can be cut down in length to
30 m for leeway.

The University of Twente researched using FBG sensors for closed loop control
of flexible surgical equipment, demonstrating the use of an array of FBG sensors in a
four-tendon driven manipulator to obtain strain measurements. These measurements
were then used to reconstruct the 3D manipulator shape and this was used as feedback
in a PID controller to steer the tip of the manipulator into the desired position. The
system was demonstrated at high and low speeds for three different trajectory tracking
cases, a circle (2D), a square (2D) and a helix (3D). They implemented an open loop
and closed loop control and found out that the closed loop control greatly improved the
performance of the system. The mean trajectory tracking errors of the open loop con-
trol were approximately ten times worse than the mean trajectory errors of the closed
loop control. They also demonstrated the ability of the system to reject disturbances
on the load by applying some weights to the tip of the manipulator, the system was still
able to maintain the desired location despite the added load [75].

Current technology exist to measure the 3D shape and position along a fibre. This
fibre can be attached with the tether of the robot. This technology seems to work quite
well however it has a slow update rate. For example, the update rate of Luna innova-
tions’ solution gets slower as the length of the optic fibre increases (for a 1.5 m tether
the update rate is 100’s of Hz whereas for a 30 m tether it is 0.2 Hz [72]). Other local-
isation methods like the vision system designed by the University of Manchester [15]
works at approximately 4 Hz and a typical 3D LiDAR like the velodyne vlp-16 works
at a variable rate of 5-20 Hz [76]. Even though the proposed system is slower than the
other mentioned localisation systems it is still an area of research.

2.2.5 Discussion

In conclusion, multiple methods for localising a tether exist. These methods all vary
in terms of accuracy, speed and usability. Table 2.2 summarises the current tether lo-
calisation technologies that are being used. From Table 2.2 it can be seen that the only
viable solutions to use in the cluttered unknown environment of the PCV in reactor
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1F in the Fukushima Daiichi Power Plant in Japan are the FBG solutions. FBG solu-
tions allow for very accurate localisation of the robot compared to the other methods;
however, they are relatively slower than the other comparable systems. Another prob-
lem with FBG solutions is the length that can be used, NASA and Luna Innovations
have claimed in their technical reports that they can locate the end point of a cable for
lengths of 10 m and 30 m respectively; however, no implementation or publication was
found validating their claims. Therefore, this project would consider other methods to
localise the tether.

Table 2.2: Summary of tether localisation systems.
System Used Smart Tether Nasa’s FBG approach Luna’s FBG approach Indoor UAV

localisation system TSLAM

Technology used Orientation based
(IMUs) FGBs FBGs

Trivial sensors
(encoders and IMUs) Multiple sensors

Update Rate 5 Hz Unknown 0.2 Hz Unknown Unknown

Accuracy 1.5 m <1 mm 1% of Tether Length 0.3675 m
Varies with

length
Length Tested Unknown 10 m 30 m Unknown 37 m
Implemented in
real system? Yes Unknown Unknown Yes Yes

Can it be used in
suggested environment?

Yes, but highly
inaccurate Yes Yes No No

2.3 Summary

In conclusion, there exits many underwater and tether localisation systems. The FBG
solution is very promising however, due to the lack of publicly available information,
and the high cost (£15,000+, dependant on the number of channels required), alter-
native solutions will be investigated. None of the other discussed solutions provide
a viable solution to use in the target environment and therefore other methods and
solutions need to be researched and developed.



Chapter 3

Tether Model

In order to estimate the position of the end point of the tether, the strain or the bend at
specified points on the tether need to be measured, therefore sensors are required to be
placed a long the tether. The number of sensors required per meter will depend on the
accuracy that is needed and it will also depend on how much the tether will bend for
certain movements of the robot. Furthermore, the tether will have a force that will act
on the robot which in return has an effect on the movements of the robot. Simulating
the tether will allow for these movements and forces to be estimated. This section will
explain the work done regarding the tether model.

3.1 Background

There are three possible methods for simulating the tether:

• Kinematics model.

• Dynamics model.

• 3D Physics Engine-based Simulation Environments.

3.1.1 Kinematics Model

The kinematics model studies the motion of bodies without considering the forces that
cause the motion. Kinematic models are generally used to estimate the end position
of manipulators with actuated joints using forward kinematics, or the joint angles re-
quired to place an end effector at a given location (inverse kinematics). If the tether is
assumed to be a manipulator with a very large number of non-actuated links, forward

34
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and inverse kinematics can be used to estimate the end position or the behaviour of
the tether. Kinematic models are not as computationally demanding as the other mod-
elling methods [77], therefore they can be used to provide real-time tether end position
estimation, which will be discussed in Chapter 4.

Prior work at the University of Manchester has simulated a moving tether using
multiple cylinders (straight links) connected by joints [78]. The length of the cylinders
will depend on the flexibility of the tether; the more flexible it is the shorter the cylin-
ders. In a similar manner, the section between sensors can be assumed to be straight
links. The sensors provide information to allow for the transformations to be mea-
sured. This information can them be used to provide the homogeneous transformation
matrices required to compute final position and orientation of the robot. The challenge
with such an approach is defining the link lengths based on the mechanical properties
of the tether, this is because the smallest errors in the definition can propagate through-
out the system leading to a high uncertainty in the solution (which will be evident in
Chapter 4).

Kinematic models cannot be used to accurately estimate the behaviour of the tether
from the robot’s movement as they do not account for the complex reactive forces that
are dependent on a number of mechanical properties. Therefore, a dynamics model
has to be used to provide accurate simulation of the tethers movements.

3.1.2 Dynamics Model

The dynamics model of a system studies the motion of bodies due to an applied force.
Therefore, by knowing the force that a robot is applying, the behaviour of the tether
can be simulated. To get an accurate estimation of the behaviour of the tether an un-
derstanding of the internal and external forces on the tether is required. This method
is computationally inefficient as integration is required to determine the positions and
velocities of each point at each time step. The computational inefficiency limits the
applicability of using a dynamic model to provide real-time tether position estimation,
however it would provide accurate simulation of the tether’s behaviour for different
robotic movements.
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Developing a tether model that works in air on a 2D plane can be seen as an inter-
mediate step to developing a tether model for use underwater. A 2D dynamic simula-
tion was implemented by the University of Alabama which simulates the behaviour of
an elastic chain with several point masses connected by elastic springs which can only
support tension [79].

The 2D equation of motion for this model is the following:

F = Fext −Fdamp −Fspring (3.1)

Where F = M~̈u is the force due to gravity on each particle (where M is the mass
matrix and ~̈u is the acceleration vector), Fext is the force manoeuvring the end point,
Fdamp = C~̇u is the viscous damping force on each particle (C is the viscous damping
coefficients matrix and ~̇u is the velocity vector) and Fspring = K~u is the force generated
from the elastic springs (K is the spring constants matrix and ~u is the displacement of
each point mass). This equation of motion does not consider the internal damping of
the tether.

This model will be explored, modified and experimentally validated in this Chapter.

Underwater Tether Models

The dynamic model mentioned above considers the tether to be in air, which is an im-
portant starting point to see if the model is behaving as expected. However, the target
environment mentioned in Chapter 1 is an underwater environment and hence when
designing a tether localisation system specifically for that environment, an underwater
tether model is required.

The problem arises from the fact that the majority of tethered underwater robots
use neutrally buoyant tethers as they have limited effect on the manoeuvrability of the
robot (in terms of weighing the robot down). This means that the tether stays in its
position underwater (can be seen in Figure 3.1) and does not tend towards a specific
shape. Therefore, modelling it becomes a challenging task.

There is little research conducted in designing tether models for neutrally buoyant
cables. The one approach that was found is the the lumped mass approach which con-
siders the tether to be a series of point masses connected together by massless, elastic
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Figure 3.1: Picture of the AVEXISTMwith a sonar attached to it in the Naraha fa-
cility in Japan, with the tether behaviour shown. Marked are the dimensions of the
AVEXISTMand the approximate dimension of the tether loop.

springs. This approach is widely used to model tethers because it takes into account
the bending effects, which are crucial for obtaining realistic results from low-tension
manoeuvres [80].

The University of Victoria has designed a dynamic mathematical model for the
towing cable of a submersible vehicle. Where the model considers the internal forces
generated by the cable’s elastic behaviour and the external forces generated by the
surrounding environment such as hydrodynamic drag, weight and buoyancy [81, 82,
83]. For this model to work, the endpoints of the cable element need to be known so
that the Euler angles can be calculated. Taking all of these forces into account and the
internal forces of the tether, the equation of motion for an underwater neutrally buoyant
cable becomes much more complicated [82]. This model should provide adequate
results when a simulation of an underwater cable is required.
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3.1.3 3D Physics Engine-Based Simulation Environments

Another option to simulate the behaviour of the tether is to use physics simulation
packages, like Vortex Studio which is a real-time simulation and visualisation software
[84]. This software has built in models to simulate neutrally buoyant cables, however
as how they work is not explained, it was opted to start with a different solution so
that an understanding of the tether’s behaviour can be gained. An advantage of using
such a software will be that a mathematical model will not be required, however the
user must learn to use the program and create the required simulation. Furthermore,
the software is expensive and computationally demanding.

3.1.4 Discussion

Using the three mentioned models to estimate the tether behaviour will have some dif-
ferences. Firstly, the kinematic and dynamic models must be written in a programming
language (like MATLAB) in order to simulate the forces, while on a physics simula-
tion software the user would set up the simulation in terms of the components and the
movements that make up the system, then with the provided information the software
will compute the required forces. An advantage of implementing the model on to a
software like MATLAB is that the user has much more control over what the simu-
lation does. Additionally, the user can retrieve whatever information they like from
the system, like the forces and positions of each section. Whereas on the simulation
software, the user would be limited to what data the software provides to them.

When a real time simulation of the tether is required, a kinematics or a simula-
tion software can be used to provide real time data, whereas a dynamics model cannot
provide real-time data for long tether lengths. Finally, collisions and physical limita-
tions are difficult to simulate and consider using kinematic and dynamic models, on the
other hand a physics simulation software can account for these collisions and physical
restraints to some extent. However, the accuracy of such a simulation is unknown.
Table 3.1 provides a comparison between the mentioned methods to simulate a tether.

In conclusion, to simulate the behaviour of the tether for different robotic move-
ments a dynamic model will be investigated to build an understanding of how a tether
is expected to behave. Then 3D physics engine-based simulation environments will be
considered. The kinematic model will be used for estimating the end position of the
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Table 3.1: Summary of simulation methods for a long tether.
Method Kinematics Model Dynamics Model Simulation Environments
Accurate Simulation of
the tether’s behaviour? No Yes currently unknown

Can the end position be
estimated? Yes Yes Yes

Implementation
difficulty low high software dependant

Can it be run in
real-time? Yes No Yes

Does it account for
collisions and physical
limitations?

No No software dependant

Cost low low high

tether localisation system due to its low computational requirements and its ability to
run in real time.
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3.2 2D Dynamics Model

Two simulations were developed, one of which was the tether falling due to gravity, i.e
Fext was the force on the tether due to gravity. The second simulation was of the tether
being manoeuvred by a robot, i.e Fext was the force applied by the robot. Both of these
simulations use the model described in Section 3.1.2.

3.2.1 Falling Tether

The dynamics simulation code provided by the book Advanced Mathematics and Me-
chanics [79] was edited to pivot one point of the cable and allow the other end to free
fall. Figure 3.2 shows a snapshot of the simulation in MATLAB where an approximate
value of stiffness and viscous damping coefficient (K and C respectively in Equation
3.1) .

Figure 3.2: A snapshot of the 2D falling elastic chain simulation. The video of the
simulation is available at: https://youtu.be/jt4oaFG6z50

In order to see if the model provides accurate movement of the tether, the simula-
tion was run for a 1.45 m tether with 5 cm link lengths. The model takes the stiffness of
each string and the viscous damping coefficient as physical parameters, however due
to timing constraints, these values had to be estimated. Figures 3.4 and 3.6 show the
x and y position of each link at each time-step. This provides some data which can be
validated and compared to a real world experiment.

The validation is done by placing tracking balls on a robotic tether and having
the Vicon system (which is a motion capture system that provides sub mm accurate
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localisation of markers [85, 86]) track the movement of each ball and record that data.
Figure 3.3 shows a picture of the tether hanging with the tracking markers attached at
known intervals. A single marker represents one of the links in the simulation. During
the experiment, an issue kept occurring with the last marker, where it no longer gets
tracked after a few seconds. The experiment was repeated 10 times and this problem
kept occurring. Therefore, that marker cannot be compared with the corresponding
link. Additionally, the Vicon system record data in frames and to get a comparable
plot to the simulation they were converted to time (the experiment had 6825 frames at
250 Hz). Figures 3.5 and 3.7 show the x and y position of each link at each time-step
retrieved from the Vicon system.

Figure 3.3: Picture of the Vicon experiment for validating the 2D model. The silver
balls attached to the tether are tracked via the Vicon system.
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Figure 3.4: Simulated x position of each link at the defined time-steps.

Figure 3.5: x position from the Vicon system for each marker at certain time-steps.
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The simulated and experiment results provide comparable movements of the tether
falling due to gravity. The first noticeable difference between the simulated and the ex-
perimental results is the greater damping in the simulation compared to the real-world
experiment. At first, it is obvious that reducing the damping coefficient in the result
should yield more comparable results however, reducing the damping coefficient (C in
equation 3.1) further in the simulation causes issues with the links wrapping around
each other. This is due to the fact that the model does not consider the restoring forces
of the cable and does not also consider the angular forces of the tether. These forces
will stop the tether from overlapping as it would naturally want to return to its original
shape. Estimating the damping coefficient of the actual tether so the value can be input
into the simulation model is difficult as it is actually a linear viscous damping coeffi-
cient proportional to each particles velocity. Each particle in the model is assumed to
be infinitesimally small and hence, getting an accurate value would be difficult.

Figure 3.6: Simulated y position of each link at the defined time-steps.

Even though the values between the model and the estimation are different, it can
be assumed that the tether model provides relatively accurate results because the simu-
lation simulates the tether in a 2D plane whereas the tether in the experiment is moving
in 3D. The oscillations which are visible at the later stages of both the x and y the ex-
periment results are actually the tether moving in a circle around the z-axis.
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Figure 3.7: y position retrieved from the Vicon system for each marker at certain time-
steps.
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3.2.2 Tether Manoeuvred by Robot

After comparing the results of the tether falling due to gravity, the model was then
modified in order to estimate the movements of the tether when a robot is moving
along the ground in a certain direction. The viscous damping coefficient should have
less effect on this model as there exists no sudden large changes in the position of the
tether links as they are connected to a moving robot. In the simulation, the end point of
a 1.45 m tether is given a constant force in the south-west direction. This force should
pull the tether from its initial position until the tether is about to be stretched, at this
point the tether should move in an approximate circular motion until it is straight in
the in the south-west direction. As the robot cannot stretch the tether it would be in
equilibrium in the south-west direction.

Figure 3.8 shows a snapshot of the simulation and a link to the video of the simu-
lation running. Figure 3.9 and 3.10 show the simulated x and y positions at different
time steps.

Figure 3.8: Snapshot of the simulation running as if the robot is moving the end point
of the tether. Video can be viewed at: www.youtube.com/watch?v=C6cPtRLCpMo
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Figure 3.9: Simulated x position of each link at the defined time-steps.

Figure 3.10: Simulated y position of each link at the defined time-steps.
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From these results it can be seen that the model provides movements which cor-
respond to the predicted movements, however its accuracy cannot be guaranteed as it
has not been validated. The final position of the end point of the tether is (-102.7,-
102.7) cm which corresponds to the prediction that the tether will be in equilibrium
in the south-west direction. Additionally, the final position of the tether implies that
its length is 145.3 cm when it is supposed to be 145 cm meaning that the tether has
been stretched slightly. The confidence in this model is higher than the one for the
falling tether because the movements of the end point are more stable. Additionally,
the velocity of the particles is lower than the falling tether system, which implies that
the effects of the damping coefficient are much lower.

3.3 Future Work

One of the physical parameters that were input into the system was the stiffness of
each spring (K matrix in Equation 3.1) which was estimated, however to provide more
accurate data this value should be obtained. The stiffness value is very difficult to
obtain for the tether because of the materials that make up the tether. A cross-section
of the tether is shown in figure 3.11. The tether is made up of a composite of materials
which are the tether sheath which is made of Polyurethane, the PVC wire sleeves,
the twisted copper wire pairs and the empty area in the sheath. This composite of
materials and the empty space in the sheathing makes estimating the stiffness of the
cable difficult [87].

Figure 3.11: Picture of the cross-section of the tether attached to the AVEXISTM.
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It is possible to experimentally obtain an estimate for the stiffness value. The stiff-
ness (k) can be calculated using the following equation:

k = E · A
L

(3.2)

Where E is the elastic modulus of the material, A is the cross-sectional area of the ma-
terial and L is the length of the material. The length of the material L can be measured
and the cross-sectional area A can be calculated. The elastic modulus of the material
can be experimentally obtained using a tensile test experiment.

Figure 3.12 shows an illustration of how the tensile test experiment will work. A
force will be applied to the tether causing it to stretch, this change in length will then be
measured. The following equation can then be used to calculate the elastic modulus:

E =
FL

A∆L
(3.3)

Where F is the force applied on the tether, L and A are the same as previously men-
tioned and ∆L is the change in length.

Figure 3.12: Picture illustrating the tensile test experiment.

From Equation 3.3 and the tensile test experiment it is evident that in order to ob-
tain the elastic modulus a sufficient length of the tether is required. Therefore, the
experimentally obtained estimate for the stiffness is limited to certain lengths. This
implies that if the experimental value is to be used, the length of each link the simula-
tion is limited to the length of the test specimen. This value however can only be used
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as an estimate as for composite materials, as the elastic modulus alone is not sufficient
to describe the stiffness [87].

The 2D dynamic model provided results that were close to how an actual tether
would behave, however it did not take into account all the forces that an actual tether
would experience like the tether’s internal damping and restoring forces. These forces
should be added to the model to provide a much more accurate tether simulation.
Furthermore, this model considers the tether to be in air, therefore when an underwater
tether simulation is required the other forces due to a neutrally buoyant cable need to
be considered as mentioned in Section 3.1.2

Another aspect that still requires research is to obtain the effect of the tether forces
on the movement of the robot. These effects will depend on the movement of the
robot and whether the model is in air or underwater. The forces of the each link of
the tether in the aforementioned model are calculated in order to estimate their posi-
tions however, how they effect the movements of the robot in the end is not considered.

Furthermore, the simulation was computationally demanding and required a few
minutes to complete a simple simulation of a 20 cm tether for 15 seconds, hence ex-
panding the length of the tether and the time that the simulation will run at, will drasti-
cally increase the time required for it to finish. Furthermore, expanding the system to a
3D model while also considering all the other mentioned forces, will greatly increase
the computational power required.

Therefore, now that an understanding of the underlying issues with modelling a
tether are known, a physics simulation package like Vortex Studio (as mentioned in
Section 3.1.3) should be used to model the behaviour of the 3D model as the software
should account for all the mentioned forces while also considering collisions of the
tether with the environment or itself. The software capabilities could not be tested as
it was too computationally powerful to run on the provided computer.
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3.4 Summary

This chapter outlined and discussed the work done on the tether model and the chal-
lenges with implementing it. The three possible methods of simulating a tether were
discussed.

A dynamic model of the tether was simulated and experimentally validated. The
model provided data comparable to real-world experiments however some of the forces
that act of the tether were not considered. Considering these forces should allow for
a more accurate simulation which can then help determine the minimum number of
required sampling points along the tether.
Furthermore, the model was modified to simulate the behaviour of the tether as if a
robot is moving along a 2D plane. The modified model provided a simulation which
visually looks correct, however it has not been validated.



Chapter 4

2D Tether Localisation System

A 3D localisation system is the requirement for the real-world underwater deployment,
however to simplify the problem, the first step is to implement a 2D air localisation sys-
tem, as it makes the validation and experiments viable. This can then be analysed to
see the feasibility of extending the system into a 3D localisation system that can be
used underwater.

This Chapter discusses and analyses a 2D plane tether localisation system.

4.1 Choosing a Sensor

In order to develop a tether localisation system that estimates the end position of the
tether, sensors have to be used to measure either the end position of the tether or the
physical changes along the tether. Figure 4.1 shows an illustration of how sensors
along the tether can be placed to measure the bends along the tether.

By knowing the bends at different points along the tether, it is possible to estimate
the end position of it, which will be discussed in more detail later on in this chapter. A
2D localisation system will only require the bend along one axis to be measured and
therefore only one sensor is required at each sensing point, however, when the system
is expanded to 3D, the tether can bend along all three axis and therefore it will require
three sensors at each sensing point.

51
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Figure 4.1: Picture showing a sketch of the sensor nodes along the tether.

4.1.1 Sensor Selection

There exists very few options for measuring the the physical changes along a tether.
The choices that are currently available are:

• FBGs (as explained in Section 2.2.4), which has been excluded from the research
due to its high cost and lack of published results.

• Flex sensors.

• Strain gauges.

• Image based tether localisation, which will be discussed further in Chapter 5.

Flex sensors and strain gauges work in a very similar matter. Flex sensors use flex-
ible conductive ink printed on a flexible base, which forms a resister. When the base
bends, the conductive layer is stretched, it becomes narrower and longer. This increase
in length results in an increase in the resistance, which can then be measured. Strain
gauges work in exactly the same manner. Flex sensors only provide a linear relation-
ship between the bend and resistance in one direction, therefore for a 2D localisation
system two flex sensors are required to measure both directions of the bend.

Flex sensors come in two lengths; 5.537 cm and 9.525 cm, while strain gauges
come in many different lengths and sizes, which make them suitable for a range of ap-
plications1. The objective of the tether localisation system is to estimate the end point

1https://www.variohm.com/news-media/technical-blog-archive/what-is-a-strain-gauge-
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of a 30 m tether (which is the position of the robot), this implies that there needs to
be a large number of sensors on the tether to get an accurate result. Due to the added
weight and difficulties in obtaining measurements from all the sensors along the tether
(more details in Section 4.4), the number of sensors that can be attached to the tether
is limited. Therefore, the sensors must be of adequate length to obtain measurements
from the majority of the tether while also minimising the length of the tether without a
sensor node. Thus, long sensors are the only viable option.

In order to calculate the number of sensors required on a tether the following equa-
tion can be used:

No.Sensors =
LT Φ

(L+ s)
(4.1)

Where No.Sensors is the number of sensors, LT is the length of the tether, L is the
length of the sensor, s is the distance between sensors and Φ is the type of sensor used,
which equals 1 if a strain gauge is the type of the sensor that will be used or 2 if a flex
sensor is the type of sensor that will be used.

Long strain gauges are very expensive as their prices vary from £70 to £700+
[88, 89] depending on the length. Assuming a 30 m tether is used and the tether is
sampled at every 20 cm (i.e. L+ s = 20 cm), 150 strain gauges or 300 flex sensors
will be required along the tether for 2D localisation. This implies that if strain gauges
are to be used, the sensors of the system alone would cost approximately £10500.
Furthermore, long strain gauges generally have low resistances (maximum of 350 Ω)
and their behaviour for large deflections is unknown. Flex sensors on the other hand,
are less accurate, but they are much cheaper at around £8.51 per sensor [90]. There-
fore, the sensors for the system would cost approximately £2553. Additionally, they
are designed to detect large bends and have much higher resistance (20k Ω to 125k
Ω). Therefore, flex sensors were chosen for the prototyping stage of the localisation
system.

4.1.2 Flex Sensor

The flex sensor shown in Figure 4.2, works in one direction (same as Figure 4.2B) and
has an active length of 5.537 cm [3].

The sensor has a linear relationship between the resistance and the bend angle.



54 CHAPTER 4. 2D TETHER LOCALISATION SYSTEM

Figure 4.2: Picture of the flex sensor.

Therefore, a voltage divider circuit can be used to read the resistance using a micro-
controller. The sensor can be calibrated by measuring the voltage when the sensor is
straight (i.e. 0◦ bend), then measuring the voltage at a 90◦ bend (shown in Figure 4.3)
and using these values to estimate the other bend angles. The angle that the sensor will
read is the angle made by the the active length of the sensor, which can be looked at as
an arc of a circle. This allows for geometry to be used to estimate the end position of
each sensor.

Figure 4.3: Picture illustrating how the flex sensor works [3].
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Characterising the Flex Sensor

Since the flex sensor has been chosen to see if it can be used to design a low-cost
2D tether localisation system, the sensor must be characterised in order to see how it
behaves. At first the sensor was calibrated as mentioned above.

Figure 4.4: Picture of the 3D printed test pieces.

Then 3D printed circles and arcs of different diameters (shown in Figure 4.4) were
used to test if the sensor provides the correct readings. The bend angle from these
pieces can be calculated using the following equation:

D =
360L
2πr

(4.2)

Where L is the active length of the sensor (5.537 cm in this case) and r is the radius of
the circle or the arc. Then to quantify the error of the sensor, measurements from the
sensor were obtained when the sensor was held stationary at 35.25◦.

Figure 4.5 shows the time series of the measurements obtained from the sensor
when it was held at 35.25◦. From the obtained measurements it is possible to calculate
standard deviation of the sensor measurements, which will provide an approximate
error value of the sensor readings. The standard deviation can be calculated using the
following equation:

σ =

√
∑(mi −µ)

N
(4.3)

where σ is the population standard deviation, mi is the angle measured from the sensor,
µ is the average of the measured angles and N is the number of measurements. Using
Equation 4.3 the standard deviation of the sensor was found to be 3.10◦. This value
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Figure 4.5: Plot of measured angles when the flex sensor is held at 35.25◦.

implies that the uncertainty in the measurements of the flex sensor is 8.79%.

After calculating the standard error of the sensor, the repeatability of the measure-
ments from the flex sensor should be tested. This is to see if the sensor will provide the
same measurements for the same angle when it has been moved. To test the repeata-
bility the sensor was moved from 0◦ to an angle of 79.3◦ and then held stationary for
75 seconds repeatedly.

Figure 4.6 shows the plot of the flex sensor measurements for each run. It is evident
that the sensor measurement fluctuate significantly when the sensor is held stationary.
The difference between each run is significant implying that the sensor measurements
are not repeatable, this could be due to multiple factors such as that the sensor has
been fatigued and that the sensor might require recalibration after each run (making it
unusable in an actual tether localisation system).

Furthermore, the measured angle by the sensor assumes that the sensor measures
the angle around it’s middle point, whereas the sensor would provide a reading even
if only the tip is bent, however to avoid damaging the sensors, this effect was not con-
sidered. In conclusion the flex sensor does not provide accurate or repeatable results,
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Figure 4.6: Plot of measured angles from flex sensors when moved from a straight
position to an angle of 79.3◦.

however it can be used to proof the concept. In the future, a better sensor might be
developed which provides both accurate and precise measurements of the bends.

4.2 Theory for the Tether Localisation System

The angle that is read by the sensor is the central angle of the arc. The only known
parameter is the active length of the sensor (i.e the arc length L).
Figure 4.7 shows an illustration of the flex sensor (thick line) and all the corresponding
parameters that are known or can be derived from known parameters such as the radius
of the circle (r), the chord length (c) and the local coordinates of the end point of the
sensor (xp,yp).
The radius of the circle can be calculated by the following equation (θ is in radians):

r = L/θ (4.4)
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Figure 4.7: Picture illustrating the flex sensor approach.

Once the radius is known it is possible to calculate the length of the chord using the
cosine rule:

c =
√

2r2(1− cos(θ)) (4.5)

An issue arises when the angle measured by the sensor is 0◦, this means that r is
undefined. Therefore, an exception was given when θ = 0◦, the radius value is not
calculated and the chord of the circle is the active length of the sensor i.e. c = L.

Since the chord of the circle creates an isosceles triangle, the angle that the chord (c)
makes with respect to the y-axis in the local frame can be calculated using:

α = θ/2 (4.6a)

Since:
β+α = π/2 and θ+2β = π (4.6b)

That then allows for the x and y position of the end point of the sensor to be calcu-
lated using trigonometry:

xp = csin(α) (4.7)

yp = ccos(α) (4.8)

The previous steps mention how to get the position of the end point of the sensor
in the local frame, however since the aim of this approach is to localise the end point
of the entire tether and not just one sensor, they must be daisy chained together. Figure
4.8 shows an illustration of the approach of having multiple sensors one after another,
where rn is the radius of the nth sensor and (xpn,ypn) are the positions of the end point
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of the nth sensor. The shape of the tether between sensors 0 and 1 shown in Figure
4.8 is unlikely to happen in reality, however it was drawn like this to illustrate the
parameters clearly.

Figure 4.8: Picture illustrating multiple flex sensor approach.

However, these are the positions of the end point in the local frame and must be
converted in respect to the original frame. To simplify the problem the y-axis of the
local frame is assumed to always be a tangent to the segment of the circle that is cre-
ated by the flex sensor. Additionally, the y-axis of the sensor is assumed to be at the
same angle as the chord of the previous sensor. These assumptions allow for the ho-
mogeneous transformation matrices (shown in Equation 4.9) to be used to transform
the local-frame coordinates relative to the starting frame.

Hn =

cos(−αn) −sin(−αn) xpn

sin(−αn) cos(−αn) ypn

0 0 1

 (4.9)
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Where αn is the clockwise rotation of the axis, given by equation 4.6a (it is negative as
it is a clockwise rotation), and xpn and ypn are the x and y position of the origin of the
next local frame.
To get the position of the end point the Homogeneous transformation matrix must be
multiplied in the correct order as follows:

G = H0 ·H1 · .... ·Hn−1 ·Pn (4.10)

Where G is the position of the end point in the starting frame, Hn is the respective
Homogeneous transformation matrix and Pn is the position of the end point in the final
frame, i.e:

Pn =

xpn

ypn

1

 (4.11)

4.3 Simulation and Experimental Results

In order to test the model, four points were plotted on a grid and the corresponding
angles were calculated and then put into the model. The length of the sensor was set to
2π (where the actual sensor is 5.537 cm) to allow for simpler calculations. The angles
that were input were 0 rad, π/2 rad, π/2 rad and −π rad, meaning that there is no
rotation at the first sensor (i.e. it is along the y-axis), then a clockwise 45◦ rotation and
then another clockwise 45◦ rotation and finally a counter-clockwise 90◦ rotation.
Additionally, it is assumed that the end of one sensor is the beginning of the next one
to allow for simpler hand calculations, this is to check that the answer given by the
model is the same as the expected value. Figure 4.9 shows the calculated end position
points with the above mentioned parameters.

The model then calculates the end position relative to the starting frame to be:

P =

[
9.657
14.283

]
This value is the same as the calculated one hence the model provides the expected

result. However, in reality it is not possible to have a large number of sensors along the
tether. For a 30 m tether and an active length of 5.357 cm for each sensor there would
be approximately 541 sensors placed along the tether. This will be really difficult to
maintain (more detail in Section 4.4) and therefore the sensors must have a separation
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Figure 4.9: Points on grid to see if the model predicts the end point correctly.

distance between them. This separation will lead to an error in the final estimated po-
sition, as their position will have to be approximated.

To validate the proposed method a small test rig was built. Three flex sensors were
placed on a 30 cm tether to provide the bend angles at different points. Figure 4.10
shows the rig, where the start and end points are pinned on to a cm grid.

Figure 4.10: Experiment rig with three flex sensors placed along the tether.
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The separation between the sensors will cause an error in the estimated position of
the end point of the tether. There are four methods to deal with the separation.
One method is to assume that the separation following each sensor is a continuation
of the arc of the circle at the corresponding sensor. The chord of the circle is from
the beginning of the sensor to the beginning point of the following sensor, as seen in
Figure 4.11.

Figure 4.11: Picture illustrating multiple flex sensor approach with the sensor separa-
tion assumed to be a continuation of the arc of the circle.

The second method is to assume that the separation (s) between sensors is straight
and as an extension of the chord, as seen in Figure 4.12. The assumption that the sen-
sor separation is straight will only work for short lengths of the sensor separation s,
since a longer separation will most likely be curved. A way to avoid this is to sheath
the sensor separation with a stiffer material to ensure that it is kept straight.

The third method is to assume that the sensor separation is straight and a contin-
uation of the trajectory of the tip of the sensor (not the arc of the circle). Figure 4.13
shows an illustration of the assumption.
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Figure 4.12: Picture illustrating multiple flex sensor approach with the sensor separa-
tion assumed to be a continuation of the chord of the circle.

To simplify the calculations, the sensor separation will considered to be a new
frame. This frame will be rotated at an angle of φ. Additionally, the next sensors frame
can no longer be considered at the same angle as chord of the previous sensor as the
new rotation due to the sensor separation needs to be considered. The y-axis of the fol-
lowing sensor’s frame, will have the same angle as the sensor separation as illustrated
in Figure 4.14.

The final method is to assume that the sensor separation is straight and at an angle
that is an average between the previous and the following sensors readings. Figure
4.14 can also be used to show the illustration of the assumption where in this case
φ1 =

α0+α2
2 . Moreover, similarly to the above assumption, the frame of the following

sensor will be at the same angle as the sensor separation.
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Figure 4.13: Picture illustrating the sensor separation as a continuation of the trajectory
of the tip of the sensor.

Figure 4.14: Picture illustrating the sensor separation as an additional frame.
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Furthermore, the angle of the deployment for the tether must be known so that
a rotation matrix can be used to give the position of the end point of the first sen-
sor relative to a pre-set frame. Therefore, for the test rig, the first sensor was fixed
approximately straight to avoid any issues measuring the deployment angle and then
converting that to the pre-set frame. Additionally, the first section of the tether from
(0,0) to the beginning of the first sensor, is a 7.2 cm straight piece which is added into
the model as a homogeneous transformation with a rotation of 0◦ and a transformation
of (0,7.2) cm. The location of the next sections of the tether will be done by one of the
above mentioned methods.

4.3.1 Analysis of the Results From Each Method

Each method mentioned in the previous section will provide different results. To see
how they differ, the tether was moved between two known end points ((15,20) cm and
(15,17) cm) repeatedly and the sensor measurements were logged. Figures 4.15 and
4.16 show the results from the experiments for the position estimation of (15,20) cm
and (15,17) cm respectively. The error bars are the standard deviations of the estimated
x (horizontal error bar) and y (vertical error bar) positions.

Figure 4.15: Estimated end position for each method when the end point is (15,20) cm.
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Figure 4.16: Estimated end position for each method when the end point is (15,17) cm.

For the position (15,20) cm method 3 provided the most accurate position estima-
tion of the tether at an average of (14.82,19.57) cm which gives an absolute error of
(0.18,0.43) cm. Whereas for position (15,17) cm method 1 provided the most accurate
position estimation of the tether at an average of (15.36,18.32) cm which gives an ab-
solute error of (0.36,1.32) cm. The average angles measured for position (15,20) cm
were (21.8◦,46.5◦,24.3◦) and for position (15,17) cm were (26.4◦,64.4◦,30.8◦) which
implies that when the angles are small, method 3 provides the best solution compared
to when the angles are large where method 1 provides the best solution. In practice,
both methods can be combined where the estimator can process small angles using
method 3 and large angles using method 4.

Method 4 compared to method 3 was more precise, however it was inaccurate in
comparison. Additionally, overall method 2 provided the most precise estimations
however, it was the least accurate. The results shown in this section are for a 30 cm
tether piece, if the system is expanded to any tether of a longer length, the estimations
are expected to be less accurate and precise.

Furthermore, the assumption that the sensor separation is straight in methods 2,3
and 4 provides another source of error for the model. A possibility to increase the
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accuracy and confidence in the result is to ensure that the separations are forced to
remain straight by adding sheathing around them. This however, will affect the ma-
noeuvrability of the robot but it might provide more accurate results as it will limit the
sections between sensors from bending. Additionally, in the model it is assumed that
the sensors bend around their middle point, where in reality this bend can start at any
part of the sensor.

4.3.2 Error Propagation From Sensor Measurements

The results in the previous section did not consider the uncertainty in the measurements
provided by the sensors. The errors in the measurements will propagate throughout
the system as an uncertainty in the end position of one sensor will lead to a bigger
uncertainty in the end position of the second sensor. The error propagation can be
formulated.

If R is a function of X and Y, written as R(X,Y), then the uncertainty in R is
obtained by the partial derivatives of R with respect to each variable multiplied by
the uncertainty in that variable and these terms are added in quadrature, this can be
expressed as [91]:

σR =

√
(

∂R
∂X

·σX)2 +(
∂R
∂Y

·σY )2 (4.12)

Assuming that there are no sensor separations and ignoring the errors due to the as-
sumptions made in section 4.2, the end position of the tether can be expressed as a
function of the measured angles i.e. G = f (α0,α1, ...,αn), where G is the end position
and αn = θn

2 . This implies that the uncertainty in the end position estimation can be
expressed as:

σG =

√
n

∑
i=0

(
∂ f
∂αi

·σαi)2 (4.13)

Where σG is the uncertainty in the end position, ∂ f
∂αi

is the partial derivative of the end
position function with respect to αi and σαi is the uncertainty in the measured angle,
which was found to be 3.10◦ for θ

From Equation 4.13 is it evident that the more sensors there are in the system, the
higher the uncertainty in the estimated position. To see how this propagates due to
the sensor measurements, let’s assume that a tether of approximately 30 m length is
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deployed along the y-axis where all the sensor provide a reading of 0◦, there will be
approximately 541 sensors placed along the tether without any separation. Taking the
uncertainty into account, the measurements of the sensor will be given as θn ± 3.10◦.
Then the model was run for 1 million iterations with the measurement of the sensor
given as θn ± rand ·3.10◦, where rand is a random number between -1 and 1. Figures
4.17 and 4.18 show the normal distribution of the error in both the x and y estimated
positions respectively, where the darkly shaded region specifies the area which 68% of
the values are within (i.e. 1 standard deviation).

Figure 4.17: Error distribution for the x position estimations.

From the results it was found that for the y estimated-positions the absolute average
error was 2.79 m and the standard deviation was 3 m, whereas for the x estimate po-
sitions the absolute average error was 0.01 m and the standard deviation was 9.68 m.
It is clear that the inaccuracy of the system in the y position estimation is relatively
large compared to the x position, this is due to the fact that it was assumed that the
tether was deployed along the y-axis, whereas if it was along the x-axis, the opposite
behaviour is expected. Additionally, the uncertainty in the y position is approximately
3 m which is 10% of the length of the tether, whereas the uncertainty in the x position
is approximately 9.7 m which is 32% of the length of the tether. These values imply
that the error in the system propagates largely making the system unfeasible using the
current sensors.
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Figure 4.18: Error distribution for the y position estimations.

The error analysis above is for the flex sensors that were chosen for this proof-of-
concept system. However, it is possible to estimate the required precision of a sensor
that can provide the required precision mentioned in Chapter 2. The sensor separations
for such an estimation cannot be ignored and therefore, the sensor separation is set to
4.463 cm, this implies that the tether gets sampled every 10 cm. Assume as above, that
a tether of approximately 30 m length (meaning that there will be 300 sensors along the
tether) is deployed along the y-axis where all the sensor provide a reading of 0◦ and the
estimation for the sensor separation position uses method 3 mentioned in Section 4.3.
Figure 4.19 shows the uncertainty in the x position estimation for varying uncertainty
of sensor measurements. The uncertainty in the y position was not considered as due to
the assumption that the tether is deployed along the y-axis it will be low, this is because
the y position estimation uses cosine and since the angles are very small, the variations
in the estimated y position will be small.

Since the precision required by the system is ±0.1 m, from Figure 4.19 it is evident
that the sensor must have a very low uncertainty in the estimated measured angle. It
was calculated that an uncertainty of ±0.02◦ in the measured angle will lead to approx-
imately an average absolute error of (0.78,0.28) mm and an uncertainty of ±(0.10,0) m
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Figure 4.19: Log plot of the uncertainty in x position estimation of a 30 m Tether for
varying sensor precision.

which would meet the target mentioned in Chapter 2.

4.3.3 Error Due to Sensor Separation Assumption

The previous Section explored the propagation of the error due to the measured angles.
This section will focus on the error that could arise due to any small deflections or

inaccuracies in estimating the behaviour of the tether between sensors (i.e. the sensor
separation sections). The sources of error for this localisation system are the values
retrieved from the sensors, the measured length of sensor separations and the assump-
tions that were mentioned above (each method, and the y-axis of the following sensor
is at the same angle as the chord of the previous sensor or the sensor separation). How-
ever, this section will only focus on the error that could be caused by the wrong as-
sumption of the angle that the sensor separation will be at, when the sensor separation
is forced to be straight at all times (by adding sheathing between sensors). Therefore,
the error due to the sensor readings is ignored.

When a tether is deployed, the parts with sensors can all coincidently read a value
of 0◦ if they are all straight, however the sensor separation sections can vary at a very
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small angle which cannot be measured by any of the sensors. This then leads to a dif-
ference between the actual end position and the estimated end position. Figure 4.20B
shows an exaggerated example of this error (γ).

Assume that the tether is deployed in the plane where all the sensors provide a
reading of 0◦. All the methods mentioned in Section 4.3 will assume that the sen-
sor separation is along the y-axis, meaning that the estimated end position will also
be along the y-axis as seen in Figure 4.20A, where in reality it will be at a different
position as seen in Figure 4.20B.

Figure 4.20: Picture illustrating the sensor separation error γ.

To see the effect of gamma on the estimated starting position of the second sensor,
it is assumed that the tether is deployed at along the y-axis and there is no bend in the
sensor, meaning that the value of c is equal to the active length of the sensor (L), i.e
c = L. Additionally, the sensor separation (s) is set to 4.463 cm, which implies that
the tether is sampled at every 10 cm since the active length of each sensor is 5.537 cm.
This means that when γ is 0◦ i.e the sensor separation is at the same angle as the sensor,
the value of the end point (xp0,yp0) is at (0,10) cm. Figure 4.21 shows an illustration
of the example.

From Figure 4.21, it is evident that if the sensor separation is in reality at an angle
of γ, the actual end position of the tether section that includes the sensor and the sensor
separation will be different to the one given by the model.

The gamma value will then have to be accounted for in the model mentioned in
section 4.2.
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Figure 4.21: Picture illustrating how γ affects the end position of a single sensor, where
(xs0,ys0) is the end position of the sensor and (xp0,yp0) is the end position of the sensor
including the sensor separation.

Using equations 4.7 and 4.8, xp0 and yp0 shown in Figure 4.21 can be written as:

xp0 = c0 sin(α0)+ ssin(α0) = xs0 + ssin(α0) (4.14)

yp0 = c0 cos(α0)+ scos(α0) = ys0 + scos(α0) (4.15)

α0 in this case is zero since the sensor is straight. Adding the uncertainly γ into the
model gives:

xp0 = xs0 + ssin(α0 + γ) (4.16)

yp0 = ys0 + scos(α0 + γ) (4.17)

Once the value of γ has been added to the model, it is possible to see how the
value of the end position will change for varying γ values. When γ reaches 90◦, the
error in x and y should be the same, this error would be equal to the length of the
separation distance. Figures 4.22 and 4.23 show a plot of the error in the x and y

position respectively for varying values of γ. As expected, the error in the x and y

position increases as γ increases. The error in the end point position when γ reaches
90◦ is (4.463,-4.463) cm, which is the the same as the sensor separation length which is
what was expected. The value of γ in practice should be very small, because any large
bend in that section will most likely cause a reading to be picked up by the previous
flex sensor.
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Figure 4.22: Plot of the error in the estimated xp0 position for varying γ values.

Figure 4.23: Plot of the error in the estimated yp0 position for varying γ values.
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These error results are only for one sensor, therefore an analysis of how this er-
ror will propagate throughout the system will have to be considered. Since there is
an uncertainty in the estimated position of the starting point of the second sensor, the
uncertainty in the following sensors estimated position will be greater. Figure 4.24
shows a sketch explaining this point. The purple arrow approximately represents the
uncertainty in the position of the end point of the sensor due to different γ values. The
uncertainty in the end position of the tether will increase for each sensor.

Figure 4.24: Picture illustrating the sensor separation error propagation, where the
purple arrow approximately represents the uncertainty in the position of the end point
of the sensor at different γ values.

To see how much this error will propagate throughout the system, a worst case sce-
nario will be looked at, where all the sections of the tether will have the same value
of γ added on to them. This implies that the tether is in reality spiralling towards its
origin as illustrated in Figure 4.25.

In order to see the biggest effect of γ on the model, assume that a 30 m tether
is placed in the plane spiralling inwards where the bends only occur at the sensor
separation section, where each section experiences the same bend γ. Additionally, let’s
assume that γ varies between 0◦ and 1◦. The sensor separation was set to 4.463 cm and
the sensors read a value of 0◦ since no bends occur at their location. This implies that
the estimated end position of the tether will be at (0,30) m. To see how the error due to
γ propagates through the model, the mean squared error (MSE) along the tether can be



4.3. SIMULATION AND EXPERIMENTAL RESULTS 75

Figure 4.25: Picture illustrating the γ propagation through the entire tether, assuming
that γ will be present at all points.

calculated. The MSE is a measure of the quality of the position estimation. The MSE
for both the x and y positions can be calculated using the following equation:

MSE =
1
n

n

∑
i−1

(Ki − K̂i)
2 (4.18)

Where n is the number of data points, which in this case is 600 as the sensor separation
is considered as a new data point, Ki is the actual position (x or y) of the ith section of
the tether (spiralling inwards) and K̂i is the position (x or y respectively) that the model
predicts for the ith section of the tether.

Figures 4.26 and 4.27 show the mean squared error (MSE) plots in the x and y po-
sitions respectively for different values of γ.

The errors are obviously very large and that is for very small variations in the esti-
mated sensor separation angle. This implies that the estimation of the sensor separation
angles must be very precise or the confidence in the position estimation will be very
low.
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Figure 4.26: Plot of the MSE in the x values for varying γ values.

Figure 4.27: Plot of the MSE in the y values for varying γ values.
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This section has looked at the effects of γ on a tether that was assumed to be straight
since all the sensors provide a reading of 0◦. This was to see the worst case scenario
where in reality the likelihood of all the sensors reading a value of 0◦ when the robot
is moving is low.
When the angles measured by the sensors are different to 0◦, the sensor separation will
be assumed to be at a certain angle (depending on the method used), this assumption
will have an inherent inaccuracy dependant on the length of the sensor separation sec-
tions. This section did not have a look at these errors as it was quite evident with the
first case that even a very small uncertainty in the estimated value, will cause a very
large uncertainty and error in the estimated end position of the tether.

4.4 Challenges with proposed method

The researched proposed method while theoretically possible has too many downfalls,
difficulties and areas of added inaccuracy to be investigated further. The idea of the 2D
localisation system is to investigate whether the system would be feasible and can be
expanded into a 3D localisation system. There were several challenges associated with
the model and the chosen sensors. Additionally, further challenges will arise when
expanding the system to a longer tether or a 3D tether. This section explains some of
these issues, why they would occur and a possible way of fixing said issues.

Flex sensors are unreliable as they will not always give the same value for the same
bend (as seen from the previous results) and their value fluctuates a lot even when held
stationary. To help account for this issue, the average of 20 values was used to obtain
the measurements used for the experiment. Additionally, they only provide a linear
relationship between resistance and bend angle in one direction and hence to get accu-
rate readings of bends in both directions, two of the sensors will need to be placed (one
on each side) to get the most accurate result. Two sensors will cover the surface of the
tether (as the width of each one is 0.635 cm). Therefore, if the system is to be expanded
into a 3D localisation system there has to be 6 sensors (2 for each axis) placed along
the surface of the tether at each sampling point. This implies that the surface of the
tether needs to be expanded by a considerable amount.

Due to how these sensors operate, there exists no method of knowing the starting
point of the bend. So it can start from half way through the sensor, the top or at the
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beginning thus providing inaccurate results, since the model assumes that the bend is
along the entire active length of the sensor. This leads to a really high inaccuracy in
the results. Furthermore, another issue with these sensors is that if they experience any
torsion, their resistance value could change and it will be difficult to distinguish this
from its expected rotation. This can lead to further inaccuracies in the estimated final
position. A possible way to avoid this issue is to house the sensors in a flexible material
that would limit the effect of torsion on the sensors, since the material would twist with
the tether while leaving the sensors unaffected. Figure 4.28 shows an example of how
the sensor sheath will look like if implemented.

Figure 4.28: Illustration of sensor node that houses the flex sensors.

Each sensor requires calibration before being used and when more than 200 of
them will be added to the system, it would require a lot of time to calibrate each sensor
individually. Additionally, the sensors are very prone to damage, especially at the base
of the sensors (section before the active length of the sensor begins) and when they are
applied to a tether which will be reeled, they are very likely to be damaged over time
and therefore stop behaving as expected. The life cycle of the active length of these
sensors according to the manufacturer is more than a million cycles [3]. Therefore, to
help improve the durability of the sensors, the base of it (the fragile part) will have to
be supported with a sturdier material to ensure that it operates as expected.
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To get the readings from all the sensors across the tether, microcontrollers will
need to be placed along its length. If six sensors are required per sensing point, the
microcontroller must have six analogue inputs while also being small in size. Af-
ter reviewing the current commercially viable microcontrollers, a number of suitable
microcontrollers were identified; the ATtiny85 which has 3 analogue inputs or the AT-
tiny26 which has 6 analogue inputs. These microcontrollers will require some power
to operate and this needs to be considered when choosing the appropriate power supply
and whether it will be possible to power all of them simultaneously along the tether.

The following equation can be used to calculate the power consumption of all the
components along the tether:

power = (Pm +6 ·Ps)N (4.19)

Where Pm is the power consumption of the micro controller (5 mW for ATtiny26), Ps is
the power consumption of the flex sensors (approximately 0.6 mW, it is multiplied by
6 as 6 sensors are required for a 3D tether localisation system) and N is the number of
nodes along the tether. If a 30 m tether is sampled every 0.1 m, the power consumption
of such a system will be approximately 2.58 W, which will not be an issue.

Furthermore, the extra components and wires on the tether will increase the weight
of the tether and hence it might affect the movement of the robot. Therefore, careful
consideration has to be made in order to make sure that the cable is neutrally buoyant
after all of this added mass. Moreover, the sensors and circuitry needs to be water
proofed properly.

The microcontrollers must send the data along the tether, if the communication
protocol that will be used is I2C, the base station (computer that will receive and pro-
cess the data) will be used as the master and all the other microcontrollers will be the
slaves. However, I2C will be difficult to use due to the long bus length (which could
be increased by choosing corresponding pull-up resistors). For example a 10 m cable
limits the baud rate to 10Kbaud2. Increasing the length of the tether to a more practical
length, like 30 m will further decrease this baud rate and therefore make the use of I2C
impractical (even though I2C extenders can be used to increase the bus length). On the
other hand a CAN bus can also be used to retrieve the data from the sensors.

2http://www.mosaic-industries.com/embedded-systems/sbc-single-board-computers/freescale-
hcs12-9s12-c-language/instrument-control/i2c-bus-specifications
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The separation between sensors cause an inaccuracy in the estimated end position
and when expanding this system to a much longer tether, these errors will add up sig-
nificantly. Furthermore, the length of the sensor separations will greatly effect the
accuracy of the system. Moreover, if one sensor fails along the tether, it will be really
difficult to account for and hence the accuracy of the system will be further affected.

Due to all the mentioned challenges with the system, it is not recommended to
further investigate this solution.

4.5 Summary

In this chapter the need for a 2D localisation system before a 3D one was discussed.
The suggested localisation method required sensors to measure characteristics along
the tether in order to estimate the end position of the tether, therefore the possible sen-
sors were discussed and one was chosen to be used.

Knowing how the sensor works and a few assumptions to simplify the problem,
it was possible to come up with an algorithm to estimate the end position of the
tether. The uncertainty of the sensor readings was ±3.10◦ which means that for a
30 m tether deployed along the y-axis on a 2D plane the average absolute error in the
estimated position was (2.79,0.01) m, and the uncertainty in the estimated position
was ±(3.00,9.68) m. Furthermore, it was discovered that to provide a precise and ac-
curate estimation of the end position of a 30 m tether, the measured angle must have
a precision of ±0.02◦. This implies that expanding this system is unfeasible. Another
problem with the system is if one sensor no longer functions, the error in the estimated
end position will drastically increase.

Four methods were considered to estimate the behaviour of the tether in the sections
without a sensor, two of which provided accurate results for different experiments.
These assumptions provided an error in the estimated final position. The errors were
analysed and it was evident that for one sensor, the error in the estimated final position
is relatively low, however as the system is expanded, the error propagates throughout
the system causing a large uncertainty and error in the final estimated position.
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Finally, the issues that were experienced with the test rig and the localisation model
were discussed and the possible solutions to them were explained. It was concluded
that this method should no longer be considered and researched due to the build up of
error throughout the system and the many issues that will come up when expanding
the system to a longer tether.



Chapter 5

Camera Tether Localisation System

In Chapter 4 it was concluded that a tether localisation system that uses sensors at-
tached along the tether has many challenges and a large error accumulation which
make the system unusable. Therefore, another method for localising the tether needs
to be considered. This chapter explores the possibility of using a visual localisation
system that uses nodes with cameras and a distinct LED colour/formation placed along
the tether. Figure 5.1 shows a prototype of the node design, where the circuitry will be
inside of the enclosure.

Figure 5.1: Prototype for the node design. A shows the front side of the node with the
camera. B shows the back side of the node with the LED markers. C shows the side
view of the enclosure of the node placed a long the tether.

The system would allow for one camera to find and localise the next node in the
series. The separation distance between the nodes will be the main factor that affects
the practicality of the system in the target environment mentioned in Chapter 1. A fur-
ther advantage of this localisation system is its low cost. The components included in
one node can be bought individually for a total of £40. This cost is significantly lower
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than other tether localisation systems and this cost could be reduced even further when
components for multiple nodes are bought in bulk. Depending on the visibility in the
water and the accuracy required the distance between each node would vary.

The starting (first) node can localise the position of the following node by knowing
which LED formation/colours to look for. Then that node would look for the next and
so on. By knowing the position of node 2 relative to node 1, and by knowing the posi-
tion of node 3 relative to node 2, it is possible to infer the position of node 3 relative to
node 1 similarily to Section 4.2. Then the position of the robot relative to the starting
node can be inferred. This approach will be usable in dark/turbid water by placing the
nodes at a distance where the water would not affect the visibility of the next node.

As this system uses visual localisation, issues arise when any of the cameras lose
line of sight of their corresponding node, this could be due to a hardware failure or
an obstacle blocking the node. This issue can be resolved by allowing each camera to
search for the LEDs of the next 4 nodes, increasing the robustness of the system. If
node 2 can localise node 4 but cannot localise node 3 it assumes that node 3 is either
behind an obstacle as it is not visible or that it is faulty and no longer functioning cor-
rectly and therefore ignores node 3 from the chain. Even though, node 3 may very well
be functioning correctly and can localise node 4 with respect to itself but since node
2 cannot localise node 3, it must be ignored from the chain and the end point must be
estimated without using node 3. This same concept can be applied if more than one
point cannot be seen, as long as the chain can continue there should be no issues with
localising the end point of the tether.

Although the robustness of this system can be increased, this system still has an
issue where if one node can no longer find any points that it is expecting, which means
either the other nodes are no longer functioning or the robot/tether has went around a
wall or obstacle which no longer allows the following nodes to be seen. Therefore, the
chain can no longer be continued and hence the position of the end point cannot be
estimated. Figure 5.2 shows an example of how this problem might occur inside the
environment.
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Figure 5.2: Illustration of the corner problem where one node can no longer localise
any further nodes due to a wall or an obstacle.

Here lies an interesting problem, where one solution could be to increase the num-
ber of nodes to reduce the chance of the tether being hidden. This comes at the cost
of electrical power (to power all the single board computers (like raspberry pi zero w
which would be suitable for testing the system), LEDs and cameras), computational
power required to do all the calculation and adding more weight to the tether.

The other and better solution to when this problem happens is to have the last node
that can be localised run a visual inspection algorithm to search for the tether (yellow
sheath), which should be distinct in the environment. If it can see and identify the
tether it can estimate from its shape and its known length, the approximate location of
the next node. Since the following nodes (the ones around the wall/obstacle) are still
functioning, it is possible to continue estimating the position of the robot the same as
before. This of course provides a higher uncertainty in the estimated position of the
robot however it will always provide an approximate position of the robot.
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5.1 Challenges With Proposed System

The proposed method provides a solution which should provide and accurate estimate
of the position of the robot. However, the system has some challenges that are unique
to it and some of which are similar to the flex sensor method. These challenges will be
discussed in this section however, the general challenges of visual localisation systems
were not included since they were mentioned in Chapter 2.

The power draw required to power all the components (raspberry pi zero or what-
ever is used to process the camera data, camera and LEDs) would be considerable since
there will be multiple of them along the tether. The following equation can be used to
calculate the power consumption of all the components along the tether:

pow = (Pp +Pc +3PL)Nn (5.1)

Where Pp is the power consumption of the single board computer, Pc is the power con-
sumption of the camera, PL is the power consumption of the LEDs which is multiplied
by 3 since there are 3 LEDs in the configuration and Nn is the number of nodes along
the tether. If a Raspberry Pi zero and camera are used, they have a power consumption
of 0.85 W and 1.25 W respectively. LEDs can consume around 0.075 W each. As-
suming that a 30 m tether is used and there is a node per meter, the number of nodes
will be 30. Using equation 5.1, the power consumption of such a system will be ap-
proximately 70 W. Powering all of these components along with powering the robot
will require a sufficient power supply and good power management along the tether to
ensure that all the nodes can operate simultaneously. The number of nodes required
will be dependant on the clarity of the water in the environment.

Extra weight will be added to the tether as each one will require a single board
computer, camera and three LEDs. This added weight to the tether could cause an
issue by effecting the buoyancy of tether and thus it would affect the movements of
the underwater vehicle. However, this could be taken into account when designing the
tether and using material that could help with ensuring that the tether remains neutrally
buoyant after the addition of the nodes. Additionally, the nodes will be larger than the
tether, which will increase its size.

This method requires the cameras to be calibrated for the LED configurations,
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which will be difficult since access to the working environment is very difficult. How-
ever, if it is possible to get the characteristics of the water in the target environment, it
might be possible to calibrate them outside and assume that they will provide similar
performance in said environment.

Similar to the previous system, I2C will be difficult to use due to the bus length and
therefore an I2C bus extender will have to be used if I2C is the chosen communication
protocol. I2C can be used in this methods, as not as much data needs to be transferred
along the bus, since less sensors are required. Additionally, like the previous method
the CAN bus protocol can be used.

5.2 Summary

In this chapter a visual tether localisation method was discussed. The suggested locali-
sation method uses cameras and LED unique identifiers along the tether to estimate the
end position of the tether. This localisation system requires much more computational
power compared to the localisation system mentioned in Chapter 4, but it requires less
nodes along the tether. This means that a prototype will be easier to implement and
test. Since this system is a visual localisation system, there are problems when a cam-
era can no longer locate any of the following markers. To overcome this problem a few
solutions are suggested.

The issues that could occur with the system were discussed. It was concluded
that this localisation system is worth investigating further to verify its accuracy and
precision.



Chapter 6

Conclusion and Future Work

This thesis has focused on two different aspects which are a tether localisation system
and a tether model. In order to explain the requirement of a tether localisation system
the current underwater localisation systems were reviewed and discussed. Addition-
ally, tether localisation systems were summarised and discussed to explain why are
they are not viable to be used in the target environment.

Two tether localisation systems were considered, one using flex sensors and one
using an image based localisation system.

The flex sensor approach used sensors to measure characteristics along the tether in
order to estimate the position of the end point of the tether. The other possible sensors
were also discussed. Knowing how the sensor works and a few assumptions to simplify
the problem, it was possible to come up with an algorithm to estimate the end position
of the tether. However, while the problem was theoretically possible it has too many is-
sues to be expanded and researched further. Additionally, the uncertainty of the sensor
readings was ±3.10◦ which means that for a 30 m tether deployed along the y-axis on
a 2D plane the average absolute error in the estimated position was (2.79,0.01) m, and
the uncertainty in the estimated position was ±(3.00,9.68) m. These errors imply that
expanding this system is unfeasible. Another problem with the system is if one sensor
no longer functions, the error in the estimated end position will drastically increase.
Furthermore, the error due to the sensor separation propagates throughout the system
causing a large error and uncertainty in the estimated position of the end point of the
tether.
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As the tether localisation system that uses flex sensors was considered to be im-
practical another tether localisation system was thought of and explained. The system
uses an image based localisation system to estimate the end position of the tether. Even
though the system is a visual localisation system it should provide accurate data in the
target environment due to the short distances that it has to work at. However, it also
has some downfalls that make expanding the system difficult.

A 2D dynamics tether model was researched and modified in order to estimate the
effect of the tether on the robot and also to estimate the behaviour of the tether for
different robotic movements. Some experimental data was compared to the results ob-
tained from the model to validate its solutions. The model was then adapted in order
to allow it to simulate the tether moving as if a robot is pulling its end point along the
plane. This simulation provided a result which visually looks to be correct but has not
been validated in order to see how accurate it is compared to a real world example.
The model used is not complete and still requires work in order for it to accurately
estimate the tether’s behaviour and the effects of the forces of the tether on the robot’s
movements.

In summary, tether localization using flex sensors is infeasible due to the their low
accuracy. The error propagation along a 30 m tether suggests that the target accuracy
of the sensors along the tether should be ±0.02◦. A vision-based system was also
considered, however the system has similar implementation challenges. Therefore, it
appears as if FBG sensors may be the only viable solution longer-term, however more
research is required on the technology to test its capabilities.

6.1 Future Work

The further work for the tether model was discussed in Chapter 3.
The implementation of a 2D localisation system using flex sensors was found to be
unfeasible. Further to this, the system was determined to lack the accuracy required of
a tether localisation system. Therefore, further work should not focus on the develop-
ment of a localisation system using flex sensors.

A theoretical solution for an image based localisation system was proposed in
Chapter 5. A verification of this system using a few nodes could be pursued to verify
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the accuracy and precision of the system. However, as mentioned in Chapter 5 the
system has many challenges to overcome before it is viable to use along a 30 m tether.

Since the both aforementioned tether localisation systems have many challenges,
investing in the FBG solution would allow for the opportunity to test the systems capa-
bilities and limitations. From the technology review conducted in Chapter 2, the FBG
system can provide mm accuracy in the estimated end position which would meet the
requirements mentioned in Chapter 2.



Appendix A

Work done on the AVEXISTM

A.1 Variable Speed Control

The AVEXISTMhad simple motor control where the motors would operate at full speed
or they would be off. This method doesn’t allow for fine tuning of the position of the
robot when it is controlled. So to implement a simple control system on th robot, the
first task was to redesign the PCB and implement variable speed control for each motor.

Figure A.1: Test PCB designed for variable
speed control

Before printing and populating the
entire PCB for variable speed con-
trol a small test board (seen in fig-
ure A.1) was designed to ensure that
the circuit is functional and behaves
in the expected manner. This was
done to cut costs on the components
and manufacturing the full PCB in-
case the circuit did not work as ex-
pected.

When the behaviour of the circuit was verified, the main board was printed, popu-
lated (shown in Figure A.2) and then tested.

A new program had to be written as the previous one does not take into consid-
eration any variable speed control. After the code was written it was tested to see if
the AVEXISTMnow moves at different speeds. Two tests were conducted to see if the
pumps were working at a variable speed, one of which was a bench-top test where the
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Figure A.2: Image of the front side of the variable speed control PCB

voltage was measured across the pumps terminals as the user changed the PWM sig-
nal’s duty cycle (done using a 2-axis controller). The other test was a visual one where
the AVEXISTMwas placed in a water tank and manoeuvred around.

A.2 Depth Hold

The AVEXISTMhad no autonomous control. Therefore, to add a level of autonomy
to the robot a depth hold controller was implemented. A simple proportional integral
derivative (PID) controller was implemented on the Arduino. The depth reading is ob-
tained by the MS5837-30BA pressure sensor, this reading is read by the Raspberry Pi
using the I2C interface and then passed on to the Arduino over the serial interface. The
Arduino then reads the data from the Raspberry Pi and calculates the required control
action to keep the AVEXISTMat the required depth that the user specifies when starting
the system.

Currently the AVEXISTMoscillates around the desired point by approximately ±4 cm
if the depth reading is read at 4 significant figures (as seen in Figure A.4) and ±3 cm
if the depth reading is read at 2 significant figures (as seen in Figure A.5). These os-
cillations can be reduced by further tuning of the PID parameters. Figure A.3 shows a
snapshot of the AVEXISTMmaintaining it’s depth with a link to a video.
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Figure A.3: Snapshot of AVEXISTMfrom video showing its depth hold capabilities
(video available at https://youtu.be/bEK0zR1iH-E)

Figure A.4: Data from the AVEXISTMwhile maintaining a depth of 20 cm. The data
retrieved from the sensor was read to 4 significant figures.

To validate that the AVEXISTMwas approximately floating around the required
depth, a meter rule was used to mark the depth of the water. The sensor was not
calibrated before use and hence the depth measured was approximately 10 cm away
from the actual depth of the AVEXISTM, and therefore the AVEXISTMwas holding
depth at a point that was approximately 10 cm away from the desired depth. In order
to calibrate the sensor and get accurate readings a test rig has to be used.

Figure A.6 shows a sketch of the proposed calibration test rig that might be used.
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Figure A.5: Data from the AVEXISTMwhile maintaining a depth of 20 cm. The data
retrieved from the sensor was read to 2 significant figures.

Figure A.6: Test rig deisgned to calibrate the pressure sensor to provide accurate depth
readings
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The idea is to have a Rexroth frame clamped to the top of tank and another moveable
Rexroth frame which has the AVEXISTMattached to it. The moveable frame will have
a tape measure attached to it so that the depth of the AVEXISTMcan be measured and
then the sensor can be calibrated.

A.3 Thrust Allocation of Actuators

A previous conference paper started by a Postdoctoral researcher has yet to be finished
as it requires experimental and simulation results. The first step of carrying on with
his work was to implement variable speed control on the AVEXISTMwhich was com-
pleted. The second step was to set up the thrust allocation matrix for the AVEXISTM.
In order to do this the forces generated by the pumps need to be measured. These mea-
surements were taken by the FC22 compression load cell. Figures A.7 and A.8 show
the results obtained from the load where each dot indicates the average force from 50
measurements at the corresponding duty cycle. As seen from the graphs the error bars
are quite large, this is due to the sensitivity of the FC22 compression load cell. Since
the force generated by the pump is small, the readings are effected by noise. One way
of reducing the error is to use a load cell with much higher sensitivity to get better
readings of the small force generated by the pumps.

Figure A.7: PWM to force allocation when the motor is ramping up from 0% duty
cycle to 100%.
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Figure A.8: PWM to force allocation when the motor is ramping down from 100%
duty cycle to 0%.

From these results it is possible to determine the thrust required given the desired
forces from the controller and hence an experiment can be conducted to complete the
conference paper.

Another Postdoctoral researcher is currently working on developing a visual lo-
calisation system. Once the system can localise the AVEXISTMa trajectory tracking
controller will be implemented on the AVEXISTMto get it to move to desired locations
without any manual control.
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