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Abstract

The position of installed submarine power cables is often not accurately known for several
reasons. The precise knowledge of the cable position is important for the maintenance process
and necessitates the need for cable tracking systems. Current systems are in many cases
imprecise and have a short sensing distance, limited to a few meters. A device with better
accuracy and sensing range is in demand for enhancing the cable maintenance process. Three
new inversion algorithms are introduced which invert the passive electromagnetic field created
from an injected signal in the target cable. The cable is treated like a line source. This can be
seen as an inverse source location finding problem, while the source time signature is known.
The algorithms are tested on synthetic data, modeling a power cable in homogeneous sea
water with noise. Several parameters like sensor array, dip angle of the cable and relative
position to the system are analyzed. The influence of soil and the sea surface are studied on
synthetic data created from a numerical three-layer forward model. Additionally, a prototype
is developed, and different processing schemes are presented and compared. The system is
tested with different inversion algorithms on a field cable on land.

A solution is found which can determine the cable position accurately in sea water with noise
terms for a distance up to 6 m. However, this system is highly sensor array dependent. A
second inversion method gives a smaller sensing range of 5m but can be used with more
versatility. In a different modeled scenario without noise terms, the cable is buried in marine
sediments and air is on top of a layer of sea water. The sensors are in the sea water layer. The
soil has a great impact on the accuracy of the inversion. In some cable-system-orientations,
the absolute error caused by the layered earth exceeds 1m. The prototype is successfully
tested on a field cable for different scenarios. An inverted cable position in a global reference
frame can be obtained by including a motion sensor.

August 9, 2019



viii Abstract

August 9, 2019



Acknowledgements

I am grateful to the team of League Geophysics for giving me the opportunity of working on
an exciting topic in a friendly and casual environment in the beautiful city of Amsterdam.
Michiel Kiinzel, Wouter Wester and Martin Koelman, keep on with the good work you do and
maintain the enthusiastic spirit of the company. I am looking forward for some challenging
table tennis matches when I am back at the office! I owe my deepest gratitude to Evert Slob,
my supervisor from TU Delft, for his guidance, availability and willingness to support me in
my work. I would also like to thank Dieter Werthmiiller from TU Delft for introducing me
into EM modeling.

Finally, I would like to say thank you to my colleges from my study program: I had a blast
with you the last two years. It was an exciting and merry time. I am already looking forward
for a reunion.

Delft University of Technology Tobias Stolz
August 9, 2019



X Acknowledgements

August 9, 2019



Table of Contents

Confidentiality Statement v
Abstract vii
Acknowledgements ix
Abbreviations XXi
Variables xxiii
Introduction 1
1-1 Introduction . . . . . . . L 1
1-2 Background . . . .. 2
1-2-1 Applications of submarine power cables . . . . . .. ... .. ... ... 2
1-2-2  Submarine cable design . . . . . .. ..o 4
1-2-3 Cable tracker systems . . . . . . .. ... 5
Cable failures . . . . . . . 5

Cable tracking . . . . . . . .. 5

Cable tracking methods . . . . . . . . . ... ... 5

1-3 Statement of the problem . . . . . . . . ... 7
1-4  Description of the survey environment, set up and the object of detection 8
Forward models of a line source 9
2-1 Analytical solutions . . . . . . .. 9
2-1-1 Staticlinesource . . . . . . ... 9
2-1-2  Non-static linesource . . . . . . . . . ... 10

2-2 Numerical model . . . . . . . . . 11
2-2-1 Homogeneous earth . . . . . . . . . ... 11
2-2-2 1D three-layered earth . . . . . . . . ... 12

2-3  Comparison of the numerical model with analytical solutions . . . . . . ... .. 14

August 9, 2019



xii

Table of Contents

3 Theory of inversion algorithms

3-1 Cable trackersystem I . . . . ... ... ... ..
3-2 Cable tracker system Il . . . . . . ... ... ..
3-3 Cable tracker system Il . . . . . . ... ... ..

4 Analyses of synthetic data

4-1 Convergence and array studies . . . .. ... ..
4-1-1 Cable tracker system | . . . . . . ... ..
4-1-2 Cable tracker system Il . . . . ... ...
4-1-3 Cable tracker system Il . . . . . . .. ..

4-2 Performance in noise disturbed domain . . . . . .
4-2-1 The noise disturbed domain. . . . . . ..
4-2-2 Distancestudy . . . . .. ... ... ...

Cable tracker system | . . . . . . .. ...
Cable tracker system Il . . . .. .. ...
Cable tracker system Il . . . . . . .. ..
4-2-3 Influence of sensor separation . . . . . . .
4-2-4  Influence of dipped cable . . . . . . . ..
4-2-5 Influence of tone frequency . . . . . . ..

4-3 Influence of soil and air . . . . ... .. .. ...
4-3-1 Watermodel . . . . . ... ...
4-3-2  Soil-water model . . . ... .. ... ..
4-3-3 Water-airmodel . . . .. ... ... ...
4-3-4  Soil-water-air model . . . . . .. ... ..

4-4  Cable tracker system | and Il with known current

5 Prototype

5-1 Magnetic sensors and motion sensor . . . . . ..
5-1-1 Hardwaresetup . . . ... ... .. ...
5-1-2 Softwaresetup . . . .. ... ... ....

5-2 Processing . . . .. ...
5-2-1 Processing based on band-pass filtering .

Filter design discussion . . . . . ... ..
5-2-2  Processing in frequency domain. . . . . .
5-2-3 Comparison . . . . ... ... ... ...

6 Measurement on a field cable

6-1 Cable setup and measuring environment . . . . .
6-1-1 Sensorsetup . . .. .. .. ........
6-2 Offset study without motion sensor . . . . . . . .

6-3 Sensor array orientation study with motion sensor

August 9, 2019

17
17
18
20

23
23
25
27
27

28
28
28

29
31
31
32
34
36

38
38
40
42
44
46

49
49
49
49
50
50
ol
51
92

55
95

95
56
o8



Table of Contents xiii

7 Conclusion 61
7-1 Algorithms . . . . . . . L 61
7-2 Evaluating the algorithms . . . . . . . . . ... 62
7-3 Recommendations for future research . . . . . . . . ... 62

A Figures 71
A-1 Convergence and array studies . . . . . . . . ... 71

A-1-1 Cabletrackersystem I. . . . . . . . . ... ... 71
A-1-2 Cable tracker system Il . . . . . . . .. ... 73
A-1-3 Cable tracker system Il . . . . . .. . ... .. ... L. 75

A-2 Performance in noise disturbed domain . . . . . . . ... ... L. 77
A-2-1 The artificial marine environment . . . . . . . . . .. .. .. ... .. 77
A-2-2 Distancestudy . . . . . . ... 83
Cable tracker system | . . . . . . . . . ... 83

Cable tracker system Il . . . . . . .. ... 86

Cable tracker system Il . . . . . . . . . ... ... 88

A-2-3 Influence of tone frequency . . . . . . . . .. ... ... ... ... ... 90

A-3 Fieldcable . . . . . . . 91

August 9, 2019



xiv Table of Contents

August 9, 2019



1-1

2-1
2-2

2-3

4-1

4-2
4-3

4-4

4-5

46

4-7

49
410

4-11

4-12

4-13

List of Figures

Cross section of an AC and DC submarine power cable. . . . . . .. ... .. ..

Schematic sketch of the three-layered earth model. . . . . . . . .. .. ... ..

Comparison of analytical solutions in air, sea water and the numerical three-layer
model relative to distance between sensor and cable. . . . . . .. ... ... ..

Comparison of analytical solutions in air, sea water and the numerical three-layer
model relative to source frequency. . . . . . . ... ..

Cable setups C1, C2, C3and C4. . . . . . . . . . . ... . ... ...
Setup of six sensor arrays. . . . . . . . .. ...

Inversion results of CTS | and Array 2 in noise disturbed sea water for different
sensor positions to the cable. . . . . . . . .. ..o

Inversion results of CTS | and Array 4 in noise disturbed sea water for different
sensor positions to the cable. . . . . . . . . ...

Inversion results of CTS Il and Array 5 in noise disturbed sea water for different
sensor positions to thecable . . . . . .. ... oL

Inversion results of CTS Il and Array 5 in noise disturbed sea water for different
sensor positions to thecable. . . . . . . . ... oo

Influence of sensor separationon CTS I-Ill.. . . . . ... ... ... ... ....
Influence of a tilted cable on CTS I-IIl. . . . . . . . ..o o0 L
Influence of tone frequency on CTS I-IIL. . . . . . . ... ... .. ... ... ..

Results of inverting for a cable in sea water (without noise) for CTS | with Array
2 and CTS [I-Il with Array 5. . . . . . . . o

Inversion results for CTS | with Array 2 and CTS II-lll with Array 5. The model
domain is sea water with a marine soil half-space and without noise. . . . . . . .

Inversion results for CTS | with Array 2 and CTS II-lll with Array 5. The model
domain is sea water with an air half-space on top and without noise. . . . . . . .

Results of inverting for a cable in a three-layered earth for CTS | with Array 2 and
CTS - with Array 5. . . . o o

12

15

16

24
26

30

30

31

32
33

35
37

39

41

43

45

August 9, 2019



xvi List of Figures

4-14 Inversion results of CTS I and Array 2 in noise disturbed sea water for different
sensor positions to the cable. . . . . . . . . ... 46

4-15 Inversion results of CTS 1" and Array 5 in noise disturbed sea water for different
sensor positions to thecable. . . . . . . . ... 47

5-1 Frequency response of the applied Butterworth filter after down sampling the sam-

pling frequency to 100Hz. . . . . . . . . . . ... 52
6-1 Shown is the survey site where the cable tracker prototype is tested for detecting

alaidout field cable. . . . . . . . .. ... 56
6-2 Shown is an exemplary spectrum of a measurement with active cable. . . . . . . 57

6-3 Shown are the inversion results with CTS Il and CTS Il in a field experiment on
afieldcable. . . . . . . . 59

6-4 Different relative orientations of the sensor array to the field cable are studied.
CTS 1l and CTS 1l show the relative inversion results without including the data
from a motion sensor. CTS 1" and CTS ™ include this information. . . . . . . 60

A-1 Inversion results of cable setup C1 in sea water with noise for CTS I and Array 2. For
a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation o and mean g are shown. . . . . .. ... 77

A-2 Inversion results of cable setup C1 in sea water with noise for CTS I and Array 4. For
a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation o and mean g are shown. . . . . .. ... 78

A-3 Inversion results of cable setup C1 in sea water with noise for CTS Il and Array
5. For a statistical representation, 3000 iterations are executed. Besides the
histogram, the standard deviation ¢ and mean g are shown. . . . . . . ... .. 79

A-4 Inversion results of cable setup C1 in sea water with noise for CTS Il and Array
6. For a statistical representation, 3000 iterations are executed. Besides the
histogram, the standard deviation ¢ and mean g are shown. . . . . . . ... .. 80

A-5 Inversion results of cable setup C1 in sea water with noise for CTS IIl and Array
5. For a statistical representation, 3000 iterations are executed. Besides the
histogram, the standard deviation ¢ and mean g are shown. . . . . . . ... .. 81

A-6 Inversion results of cable setup C1 in sea water with noise for CTS IIl and Array
6. For a statistical representation, 3000 iterations are executed. Besides the

histogram, the standard deviation ¢ and mean g are shown. . . . . . . ... .. 82
A-7 Distance study of CTS | and Array 2 with azimuth angle between sensor frame

and cable of 22.5°. The model domain consists of sea water and noise. . . . . . . 83
A-8 Distance study of CTS | and Array 2 with azimuth angle between sensor frame

and cable of 45°. The model domain consists of sea water and noise. . . . . . . . 83
A-9 Distance study of CTS | and Array 2 with azimuth angle between sensor frame

and cable of 66.5°. The model domain consists of sea water and noise. . . . . . . 84
A-10 Distance study of CTS | and Array 4 with azimuth angle between sensor frame

and cable of 22.5°. The model domain consists of sea water and noise. . . . . . . 84
A-11 Distance study of CTS | and Array 4 with azimuth angle between sensor frame

and cable of 45°. The model domain consists of sea water and noise. . . . . . . . 85
A-12 Distance study of CTS | and Array 4 with azimuth angle between sensor frame

and cable of 66.5°. The model domain consists of sea water and noise. . . . . . . 85
A-13 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 22.5°. The model domain consists of sea water and noise. . . . . . . 86
A-14 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 45°. The model domain consists of sea water and noise. . . . . . . . 86

August 9, 2019



List of Figures xvii

A-15 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 66.5°. The model domain consists of sea water and noise. . . . . . . 87
A-16 Distance study of CTS Il and Array 6. The model domain consists of sea water

and nNoise. . . .. L L e 87
A-17 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 22.5°. The model domain consists of sea water and noise. . . . . . . 88
A-18 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 45°. The model domain consists of sea water and noise. . . . . . . . 88
A-19 Distance study of CTS Il and Array 5 with azimuth angle between sensor frame

and cable of 66.5°. The model domain consists of sea water and noise. . . . . . . 89
A-20 Distance study of CTS Il and Array 6. The model domain consists of sea water

and noise. . ... L 89

A-21 Frequency dependency of the skin depth ¢ for sea water (p,, = 0.3 m) and seabed
soil ps =12, . . L 90

A-22 The inverted and expected current I and distance ¢, relative to offset are shown
in this figure. Additionally, the inverted and expected ratio of both quantities is

displayed. . . . . . . 91
A-23 The inversion results are shown for CTS I, CTS’ and CTS Ill in a field experiment

on a field wire. . . . . . ., 92
A-24 The inverted and expected distance ¢, relative to offset for CTS I, CTS! and CTS

Il are shown. . . . . . . . . 93

August 9, 2019



xviii List of Figures

August 9, 2019



1-1

4-1
4-2
4-3

4-4
4-5
4-6
4-7

5-1

A-1

A-2

A-4

A-5

A-6

A-7

A-8

List of Tables

Voltage classification according to the ANSI C84.1-1989 standard. . . . . . . ..

Parameters of cable setup C1, C2, C3and C4. . . . . . . . . ... ... . ....
Sensor positions of Array 1-6. . . . . . . ...

Parameters for the grid search of initial guesses defined by the start and end values
of each variable and the number of intermediate steps. In total, 1250 different
initial values are tested. . . . . . . . .. L

Capability of CTS | to detect different cable setups with a particular sensor array.
Capability of CTS Il to detect different cable setups with a particular sensor array.

Capability of CTS Il to detect different cable setups with a particular sensor array.

Performance of CTSs in detecting cable setup C1 with noise. . . . . . . .. ...
Processing results of an exemplary measurement with both processing schemes. .

Results of convergence and array study for CTS | and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS | and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS | and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS | and cable setup C4. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS Il and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS Il and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS Il and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star. . . . . . .

Results of convergence and array study for CTS Il and cable setup C4. . . . . . .

23
25

25
26

27
27
29

93

71

72

72

72

73

73

74
74

August 9, 2019



XX List of Tables

A-9 Results of convergence and array study for CTS Il and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star. . . . . . . 75

A-10 Results of convergence and array study for CTS Il and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star. . . . . . . 75

A-11 Results of convergence and array study for CTS Il and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star. . . . . . . 75

A-12 Results of convergence and array study for CTS Ill and cable setup C4. Inversion
parameters which cannot be consistently found are market with a star. . . . . . . 76

August 9, 2019



AC

Array

AUV

CTS

CTS I"™ (II™, I1I™)
CTS 1! (11')
C

DC

DFT

EM

FIR

FFT

GPS

Hv

ITIR

LV

MV

PS

ROV

Abbreviations

Alternating Current

Sensor Array

Autonomous underwater vehicle

Cable Tracker System

Cable Tracker System I (II, III) with motion sensor
Cable Tracker System I (II) with known current
Cable Setup

Direct Current

Discrete Fourier Transformation
Electromagnetic

Finite Impulse Response

Farst Fourier Transformation

Global Positioning System

High Voltage

Infinite Impulse Response

Low Voltage

Medium Voltage

Power Spectrum

Remote Operated Vehicle

August 9, 2019



xxii Abbreviations

UDP User Datagram Protocol
USBL Ultra Small Baseline
XLPE Cross-linked Polyethylen

August 9, 2019



C = (C:Jca Cy, CZ)T = (Cra Cg, Cy)T
C/ — (C/ C/ cl T

T Y vz

ct = (cx,cy,cz

= (e, ¢ ¢y

[)T — (c:"./’ c

Variables

Amplitude of the up-going electric field
Magnetic flux density

Magnetic flux density in Laplace domain
Magnetic flux density measurement of sensor ¢

Transformed magnetic flux density measurement of
sensor

Cable position relative to sensor array center

Transformed cable position relative to sensor array
center

Cable position relative to sensor i
Transformed cable position relative to sensor %

Directional vector pointing from sensor 7 to the cable in
the transformed coordinate system

Frequency resolution

Delta function

Skin depth

Electric field

Unit vectors of Cartesian coordinates

Unit vectors of transformed Cartesian coordinates

Unit vectors pointing North, East and parallel to gravity

August 9, 2019



xXxiv Variables
€ Unit azimuth vector

€ Permitivity

€0 Permitivity in free-space

€r Relative permitivity

€sy Ewy €q
M5 Tsy Tws Tla
Je
fs

~ mg

] >

key Ky

I

Ho

o

Hsy Hws Ha
N

w

o, U, ©
Rgwy Ruwa

August 9, 2019

Relative permitivity of soil, sea water and air
Conductivity function (global, soil, water and air)
Cutoff frequency

Injected tone frequency

Greens function in wavenumber-Laplace domain
Vertical wavenumber

Propagation constant

Magnetic field in Laplace domain

Magnetic field in wavenumber-Laplace domain
Current

Signal in Laplace domain

Current density

Electric line source in Laplace domain

Electric line source in wavenumber-Laplace domain
Bessel function of second kind

Horizontal wavenumber

Permeability

Permeability in free-space

Relative permeability

Relative permeability of soil, sea water and air
Number of sensors

Angular frequency

Euler angels

Global reflection coefficient of the soil-water boundary
and water-air boundary



Variables

XXV

Tswy Twa

r

p

Pss Pws Pa

s = (sx,sy,sz)T

s’ = (8%, Sy 8%

C’ CS’ Cw’ Ca

Distance

Local reflection coefficient of the soil-water boundary

and water-air boundary

Displacement vector

Resistivity

Resistivity in soil, water and air
Sensor array center

Position of sensor 7

Transformed position of sensor %

Transformed position of sensor ¢, shifted along the cable

conductivity

Standard deviation

Variance

Sign function

Transformation matrix

Resistivity function (global, soil, water and air)

August 9, 2019



XXVvi Variables

August 9, 2019



Chapter 1

Introduction

1-1 Introduction

The submarine power cable market is a growing industry which puts cables, a crucial
infrastructure of modern society, in the seabed. Cables installed in the seabed become
virtually undetectable. After the installation of a submarine cable, the knowledge of its
position is inaccurate. Additionally, the cable is moving in its lifespan due to sediment
movement and other external influences. The movement of the cable is an additional factor
which contributes to a false expected object’s position. The maintenance process comprises
locating of the cable for updating the current position to ensure an unobstructed repairing in
case of failure. Monitoring the cable’s burial depth is required to find exposed parts. These
are sensitive to damage from the shipping industry and needs to be covered with sediments.
Depending on the operator’s policy, the insurance requirements and the marine environment
where the cable is laid out, it is required to detect the current position a few times per decay
up to several times per year. Tracking systems are required for performing this task which
can rely on various different concepts. Current available systems often cannot guaranty
the required accuracy which is needed for this task and lack in detecting distance. Cable
operators often ask for a detected cable position which has a relative error to the true cable
position that is less than 10 %. The required detecting distance depends on the survey but
it is in general below 5m. This report introduces three new algorithms for inverting the
electromagnetic (EM) field from a cable, modeled as a line source. The performance of the
systems is evaluated on synthetic data for the influence of noise, and the sea floor and water
surface. Finally, a prototype is developed and data from a measurement campaign on a field
cable acquired. The inversion algorithms are tested on the data set.

First, background information about submarine power cables are given which concludes with
a short market overview of available cable tracking systems and their advantages and lim-
itations. Based on these details, specific requirements and properties are found which are
considered when developing the new system. Thereafter, analytical and numerical models
are stated and compared which are used for creating synthetic data. Three novel inversion
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2 Introduction

Type ‘ Abbreviation Voltage ‘
Low Voltage LV < 0.6kV
Medium Voltage MV 0.6 — 69kV
High Voltage HV 69 — 230kV
Extra High Voltage EHV > 230kV

Table 1-1: Voltage classification according to the ANSI C84.1-1989 standard.

algorithms are briefly explained in the next chapter, and tested and studied on synthetic data
afterwards. Besides a study of possible sensor arrays, the behaviour in a noise disturbed envi-
ronment, and the impact of seafloor and the water surface are examined. The next chapter is
about the cable tracking system prototype. Its components and in particular the processing
schemes are briefly explained. The prototype is tested using different settings on a field cable.
The report ends with a summary of the project, its outcomes and an outlook about tasks left
for finalizing a product.

1-2 Background

The era of electrical engineering started in the 19*" century and made electricity to a resource
of modern society. With this shift came a requirement for new infrastructure and new ways
of transporting electricity, including the transport of electric power through water like rivers,
lakes and seas. One of the first documented underwater cable was laid across the Isar River
in the south of Germany in 1811 [1]. Since then, extensive research has been carried out,
enhancing cable design and the capability of transporting more energy over a larger distance.
Nowadays, submarine power cables operated at voltages of more than 500kV and with ca-
pacities of 500 MW or greater. Energy can be transported hundreds of kilometers. A good
example is the NorNed cable, currently the worlds longest submarine cable, with a length
of 580km and a capacity of 700 MW that connects the electrical grids of Norway and the
Netherlands [2].

Two key parameters in choosing an offshore power cable are the operating voltage and the type
of operating current. According to the ANST C84.1-1989 standard, voltage is classified as low
voltage (LV), medium voltage (MV), high voltage (HV) and extra high voltage (EHV) which
is specified in Table 1-1. Submarine power cables run in general under an operational voltage
and the current changes corresponding to the power that is transported. Most electrical
power transmission systems use alternating current (AC) in a three-phase design for MV
applications. A transformer can easily change the voltage as required and the need for a
converter at each site of the line is eliminated. Even though it is project specific, cable
operators prefer often direct current (DC) for distances larger than 50km to reduce the
reactive power which limits an AC cable design to smaller distances [3][4].

1-2-1 Applications of submarine power cables

Modern submarine cables serve multiple purposes. Islands that are near the shore can be con-
nected with the mainland power grid through submarine power cables. The often inefficient
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1-2 Background 3

Outer
cofmosion % insulation

protection system

(b) DC power cable

(a) AC power cable

Figure 1-1: Cross section of an AC and DC submarine power cable [7].

power generator, such as a diesel generator, can be replaced which is more economically and
ecologically beneficial. Whereby the maximum economical length of these cables is 10—30 km,
islands which are located further away from the mainland were not connected with a subma-
rine cable for a long time due to the dramatically increase in losses with distance in an AC
system. The island Heligoland, which is 53 km before the coast of Germany, got its power
connection to the shore not before 2009 by a MVAC cable [5].

Submarine cables are able to connect autonomous grids. Using HVDC current allows regions
with different frequency control systems to be merged and it allows for high power transmis-
sion over long distances. Autonomous grids may have different load peaks due to time shifts
and consumer behaviour. Additionally, the energy generation might differ and electricity is
produced only at certain times which is often the case with renewable energies. Both factors
can lead to power shortage or surplus and this can be compensated by connecting grids.
With the increased installation of offshore wind farms in recent years, the need for submarine
cables rose. Inside the wind farm, the turbine generators are usually spaced 300-800 m apart
and they are interconnected with three-phase MVAC cables [6]. The connection of the turbine
interconnector grid to the shore is usually also of an MVAC type for small wind farms. A
HVAC connection is required when there are many turbines, a large power output or large
distance to the shore. In those cases, a step-up transformer on an offshore platform is typi-
cally required. In rare cases, a HVDC connection is more economical. However, it requires
converter stations both offshore and onshore and is therefore usually reserved for very large
wind farms or grid connections.

Another application where submarine power cables play an important role is the power trans-
port across rivers, channels, straits, fjords or bays. The type of current and strength of voltage
depends on the transport design at the endings of the submarine cables, which can be AC or
DC, depending on the purpose of the power line.

Other applications of submarine power cables are the connection of offshore drilling plat-
forms with the shore, heating cables for pipelines and power supply of subsea observatories
like Tsunami pre-warning systems [6].
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4 Introduction

1-2-2 Submarine cable design

A typical submarine power cable consists of one or multiple conductors, an insulation system, a
water-blocking sheath and armoring. In some cases, a fibre optic cable for telecommunication,
cable integrity monitoring and data transport is added into the cable design. The cross section
of a typical three-phase AC cable and a DC cable is shown in Figure 1-1.

The conductor

The conductor is made of copper or aluminium. Even though aluminium is cheaper in relation
to the current-carrying capability, most submarine power cables have a copper conductor
since a smaller cross section is required and material in the outer layer can be saved. In
any case, both materials have their benefits and disadvantage and their use depends on
the requirements of the projects and the metal market. The conductor can vary in shape
between hollow and solid. In some cases, a single conductor is preferred where in others
cases thinner single conductors are bundled to a strand. Solid conductors are preferred for
cross sections up to 400 mm and are easily manufactured. Hollow cables and cable bundles
are used to reduce the loss due to the skin effect and to reduce the material needed [6].
The skin effect describes an EM interaction which occurs in AC circuits and which causes
most of the current in a circuit to flow at the outer edge of the conductor [8]. Recent
research concerns superconducting transmission lines which could reduce energy loss due to
transmission significantly [9]. According to [10], around 6% of all electricity generated in
United States is lost due to inefficient transmission which could potentially be reduced by
superconducting cables.

The insulation system

The insulation has the purpose to stop current flowing from the extremely high potential
in the conductor to the low potential of the surroundings. The most common insulator for
LV to HV submarine power cables is cross-linked polyethylene (XLPE). Even though XLPE
could be used as an insulator for higher voltages, no suitable joints exist which excludes
its use for cables much longer than 50 km operated under HV. If XLPE is used to insulate
HVDC, space charge phenomena can occur where charge accumulates at certain places and
causes disadvantageous electric field peaks [11]. This problem can be solved by using special
formulations of XLPE. Another common insulation is oil-filled paper which can be used in
AC and DC designs up to HV. Under operation, the oil is under pressure and controlled by a
station at shore. Channels are required to enable hydraulic communication - often the interior
of a hollow conductor is used for oil transport. Due to the required hydraulic communication,
cable length is restricted to 30 — 60 km. For HVDC, mass-impregnated paper insulation is
used [6].

Water-blocking sheath and armoring

The insulation needs to be kept dry to guarantee functionality. In HV cables, a metallic sheath
around the insulation layer is used which can be aluminium, lead or copper. In LV and MV
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setups, non-metallic shielding is often sufficient. An armoring provides the necessary tension
stability and mechanical protection. A submarine cable is exposed to its biggest stress during
installation which is caused by the hanging of the cable and the movement of the installation
vessel. If a (subsea) power cable bends more than its design bending radius, damage may
result which can lead to an interruption in current flow through the cable. In the worst case,
this can lead to a faulty cable, requiring highly costly repairs. Additionally, the cable needs
to be protected against other installation tools, fishing gear and anchors. Typical armoring
consists of 2 — 8 mm thick steel wires which are wound around the cable. For protecting
against corrosion, the steel wires are often coated with zinc. A final outer layer preserves the
corrosion protections from scratches. It is commonly made of a polymer or yarn [6].

1-2-3 Cable tracker systems
Cable failures

Failure of submarine cable can have multiple reasons which can be separated in three cate-
gories: External aggression, manufacturing deficiencies and other. External aggression can
be caused by fishing, anchors, abrasion and geological disturbance (subsea earthquakes, rock
falls in fjord areas, turbidites or mass flows etc). It accounts for more than 90% of all cable
failures between 2010-2015 [12]. According to [13], more than 200 cable failures per year are
reported. In case of a failure, the cable needs to be repaired quickly, considering its impact
on society and economy. Tracking systems are used as a cost effective and accurate localiza-
tion method for cables. The detection of the cable depth is in particular important in the
cable maintenance process [14]. According to industrial standards, cables should be buried
in waters with a depth of 1500m or less. Burial depth should be around 0.6 — 3 m to ensure
adequate protection against outside influence [15].

Cable tracking

A variety of techniques are available for carrying out this task. In some cases a diver, a remote
operated vehicle (ROV) or an autonomous underwater vehicle (AUV) brings the measuring
equipment close to the estimated cable position for tracking. In other cases, the sensors are
dragged behind a vessel which is especially suitable for shallow water measurements.

Cable tracking methods

Several different methods of cable tracking exist. Visual tracking can be used when the
cable is not buried. It is limited by visibility, which is usually poor in coastal water and
at a continental shelf. Artificial light illuminating the object solves the problem but adds
blurring artefacts to the image because of scattering and attenuation effects [16]. Filtering
and signal processing are required to improve detection accuracy and for automation which
uses deterministic and statistical methods [17].

Sonar methods use acoustical waves for detection. Sound is able to penetrate the seabed and
can in some cases detect buried objects. Sonar methods perform generally better than visual
techniques. An overview of sonar imagery techniques is described in [18]. The performance
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is limited in shallow-water and in complex geological environments because of reflection and
scattering effects of propagating sound waves [16]. In some cases, the acoustic contrast of
the cable within the surrounding sediments is not high enough for a detectable object [19].
Acoustic detection can be carried out with sidescan sonar which is limited to unburied cables
or a sub-bottom profiler which permits detection of buried cables. [20].

Passive magnetic surveys can detect the horizontal location of a cable well but have difficulty
reliably determining a cable’s burial depth. It performance is similar on unburied and buried
cables. Future cables might lack in paramagnetic materials which is a fundamental condition
for a detectable magnetic anomaly as pointed out by [19].

EM tracking systems use the the most suitable method for detecting buried cables [21]. Active
and passive methods exist.

In an active measurement, a primary, time-varying EM field is transmitted from the device
which induces eddy currents in a (ferro-)magnetic object depending on its geometry. The
current flow creates a secondary, time-varying field which magnetic components are detected
by the receivers of the system. The drawback of this method is that the field travels a longer
distance since it goes back and forth and the received signal becomes small. Empirically valid,
the received signal strength reduces by ¢ with the distance r to the object which limits the
detection range to just over 2m [22]. The market leading pulse induction cable and pipe
tracking system is the T'SS 440 by Seatronics.

Several passive EM cable detection systems exist where the source signal is created by the
object itself. A signal of known frequency is induced into the cable at shore. The time-varying
current creates a magnetic field which is detected by the tracker. Commonly, a block function
signal is applied. A block function consists of a dominant frequency and its odd multiples.
The block length depends on the dominant frequency. Cable detection can be based on one
or multiple frequencies.

The passive EM methods works on all types of cables where a signal can be injected in: DC,
AC and even fibre-optic cables. In case of an AC power cable, the operation frequency and its
multiples can be used as a signal for detection. The operation frequency in Europe is 50 Hz.

An interesting cable detection project is the autonomous underwater vehicle Aqua Explorer
2 developed in cooperation by the KDD R&D Laboratories and Tokai University in Japan.
However, after first launch of the project in 1997, only five cable-inspection missions were
carried out [23]. This system is based on two 3-axis magnetometers. The cable position is
determined by measuring the magnetic field vector at two locations and simple geometrical
relations [24].

The measuring device manufacturer Tinsley developed the cable tracking system 5930 MK
IT for operation by a professional diver in shallow sea. This system detects the cable by
measuring the magnetic field induced by a signal with a 3-axis magnetometer. The distance
to the cable is determined based on the expected decay of the magnetic field. Due to the
approach, the detection range is limited to 3m [21].

A different approach is conducted by Innovatum. By installation, the cable is marked with a
permanent magnetic signature. When the cable position needs to be determined, their cable
tracking system Smartrak measures the magnetic signature and determines position including
depth. In case of an unprepared cable, the same system is able to detect the cable based on
an input tone [25].
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Finally, model based inversion of the magnetic signal exists. Using an underlying model of
the cable, its position is determined, often in an iterative manner. Systems that work based
on this approach are the Orion by Optimal Ranging and the TSS 350 by Seatronics.

A number of different cable tracker systems were developed by [26]. The systems were tested
on synthetic data. Field surveys on installed submarine cables were carried out but the
prototypes were not sufficiently tested for a product. Several model based inversions, to some
extent applying Neural Networks, were developed and tested by [26]. They did not give the
satisfactory outcome. Even after adding a Kalman and an unscented Kalman filter algorithm
to the inversion and using multiple sample points in contrast to inversion of a single point,
the results were not satisfactory mainly due to the need of good prior knowledge of the survey
environment. In a final approach, a Particle Filter algorithm was developed and tested which
estimates a cable position accurately. This statistical method can detect a cable in a depth
of 10 m which is a better detection range than existing systems. However, the sailing line of
the sensors must be perpendicular to the cable direction. In other words, data from the same
cable position but measured at different locations is required for a solution. Furthermore,
the current in the signal needs to be known which is in general not the case in cable tracking
surveys.

The described EM methods are based on time-varying signals produced by an injected tone
or an AC power cable. Three methods which are based on the static magnetic field of a DC
power cable are described by [27]. The methods were tested successfully on a sea trial and
could detect the position of a sea cable from a distance of up to 4m by a current of 1 A.

1-3 Statement of the problem

The location of submarine power cables is known with uncertainty after installation and,
additionally, the position changes during their lifetime due to water and sediment movement,
and other external influences. The exact location of the submarine cable is crucial for the
operator for maintenance and a quick repair duration in case of failure. Since the cable
should be buried, the depth is of interest. Different cable tracker systems are on the market
for carrying out the task of detecting cables (c.f. Section 1-2-3). The available systems have
either a small measuring range which makes them unsuitable for surveys without a professional
diver or the detection accuracy is insufficient. The offshore cable industry has a demand for
a cable tracking system of submarine power cables with high accuracy and large measuring
range. Additionally, a simple handling is desired and the system should be adjustable for
specific requirements of the survey.

In this report, we present a passive EM system for localization of the cable positions based
on a known, injected signal (i.e. a tone). The signal in the cable creates a magnetic field
which is detected by five 3-axis fluxgate magnetometers in a frame. The orientation of the
frame is measured using a motion sensor. Model and geometrical based inversion schemes
are developed allowing the cable position to be determined relative to the sensor array. A
software package is created on top of existing hardware. No new hardware components are
developed.

The inversion codes are tested on synthetic data. It is aimed for a system that determines
the cable position up to a distance of 5m, with an accuracy of 1 m in all three components.
Additionally, the inversion codes and processing schemes should perform on real data. For
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testing, a cable is setup on land and a measurement campaign is conducted which will proof
the concept.

1-4 Description of the survey environment, set up and the object
of detection

The survey domain is a shallow marine environment with conductive sea water. The water
depth is less than 30 m. Above the sea level is air. The cable is buried in marine sediments
in 0 — 2m depth.

Submarine power cables have a complex structure which is described in Section 1-2-2. In
this report, it is assumed that the cable is a simple wire and the layers around the conductor
are ignored. Furthermore, the width of the conductor is not taken into account because
modern submarine power cables have a conductor’s diameter of less than 0.1 m which is
small compared to the offset distance between sensor and cable which is a few meter [28].
Additionally, it is assumed that the cable is not bent. This is a reasonable assumption in most
cases. However, where the cable is connected to an offshore platform, for example a wind
turbine, this assumption does not hold. We consider a cable which is mostly horizontally
aligned but with degree of freedom in dip.

A block function signal is injected into the cable with known center frequency. The frequency
can vary and depends on the survey set up but it will in general stay between 10 — 100 Hz.
Below 10 Hz, the number of samples per second is small which results in a slow survey speed
since a certain number of samples per inversion is needed for noise reduction. With increasing
frequency, attenuation of the EM field due to conductivity of sea water grows. The center
frequency which is used in this study is 31 Hz which is a trade-off between samples per second
and attenuation. Power lines in Europe are operated with 50 Hz. The frequency chosen
is well below and therefore is not influenced by active cables close to the survey location.
Additionally, the chosen frequency is a prime number and, therefore, it cannot be a multiple
of a different signal.

The signal in the cable creates a magnetic field which is measured with five 3-axis fluxgate
magnetometers in a rigid frame. The frame rotation is tracked with a motion sensor. The
sensors can be dragged behind a survey vessel on a wing, or be mounted on an ROV. In a
shallow survey environment, utilizing a wing is a more common choice. In very shallow water,
hull mounting is common. The position of the sensor frame can be located with an Ultra
Short Baseline (USBL). Using the S2C R 48/78 system by Evo Logics as example, accuracy
of £0.2m at 100m distance between vessel and sensor frame can be achieved according to
the manufacturer [29].
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Chapter 2

Forward models of a line source

In this chapter, analytical and numerical methods are described for determining the magnetic
field of a cable. Two analytical solutions of a line source are described. The first equation
is for determining the magnetic field of a static line source and it is independent of the
conductivity of the medium. The second analytical solution is for a non-static line source
derived in frequency domain. The solution depends on the medium’s conductivity. The
numerical model derives the EM field in horizontal wavenumber-Laplace domain for a three-
layered earth.

2-1 Analytical solutions

2-1-1 Static line source

The initial point for deriving the analytical solution of the magnetic field of a cable with a
static current are the Maxwell’s equations and in particular the Gauss’ Law and Ampere’s
Law [30]:

V-B =0 (2-1a)

fB-dl = [[gendE -ds+ [[4nd - ds (2-1Db)
c

with the line integral over the closed path C and its line element dl, the magnetic flux density
B, the electric field E, permeability u, permittivity € and the current density J. The double
integral with surface element ds is evaluated over the surface S which is bounded by C. The
first equation means that a magnetic charge does not exist. The second equation shows that
a rotating magnetic field is created by a dynamic electric field and an electric current. The
permittivity e and permeability u are physical properties which are defined as [31]:

€ = €€ (2-2a)

ft = firio (2-2b)
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10 Forward models of a line source

with the permittivity in free-space €y = 8.85 x 1072 F/m and the permeability in free-space
po = 41 x 107" H/m [32]. The relative permittivity is €, and the relative permeability is s,
which are medium specific. By definition, they are both 1 in the free-space. For a steady,
constant current I, Eq. (2-1a) and Eq. (2-1b) can be transformed to the Biot-Savart Law [33]:

wol [ dlxr’
B() = 42 f o (2)
with I is the current, r’ is the displacement vector which is the vector from the line element
dl at position 1 and the point of interest r. The displacement vector is defined as: ' =r — 1.
For a straight wire with infinite length, the total magnetic field can be derived using Eq. (2-3)
in cylindrical coordinates (r, ¢, z) with the z coordinate along the cable and the azimuth unit
vector é4 [31]:

pol .
B(T‘, ¢a Z) = %e(b (2—4)

Therefore, the total magnetic field is proportional to the current I, inversely proportional to
distance r and it is invariant to the position along the cable. The direction of the field is
rotational around the cable.

2-1-2 Non-static line source

The magnetic flux of a current carrying wire is derived in [34], [35] and [36] for a non-static
line source. The solution for an infinite long cable is in cylindrical coordinates:

I
B(r.¢.2) = 5 Ki(yr)é (2:5)

where K7 is the modified Bessel function of the second kind and order one, and v denotes the
propagation constant defined as:

v =/ —w?pe +iwpo (2-6)

with the electric conductivity ¢ of the medium and the angular frequency w of the current in
the cable. The resistivity p of the medium is defined as: p = 1/0 and the temporal frequency f
of the current as: f = w/(2m). The low frequency simplification is valid for the case 0 >> ew
and than Eq. (2-6) can be approximated as [37]:

v=(i+1)wuo/2. (2-7)
For the magnetostatic case of a DC source, the propagation constant goes to zero, in which

limit Eq. (2-5) becomes Eq. (2-4).
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2-2  Numerical model

The electromagnetic field of a line source can be derived numerically for a 1D layered earth.
First, we derive an expression for the magnetic field produced by a line source in a homoge-
neous earth in horizontal wavenumber-Laplace domain. Afterwards, we give the solution for
a three-layered earth consisting of an air half-space, a sea water layer and a soil half-space.
The derivation are based on [38].

2-2-1 Homogeneous earth

A submarine power cable can be described as an electric line source J¢(x,t). In Laplace
domain, an electric line source J¢ parallel to e, is given as:

Je(x,8) = 1(5)8(2 — ¢2)0(y — ¢)éx (2-8)

with the signal I(s) in Laplace domain, the Delta function §(-), the cable depth ¢, and cable
horizontal offset c¢,. The Laplace transformation variable s can be real and positive or with
s = iw = 2w f. A 1D medium is characterized by a horizontal shift-invariance and a 2D
spatial Fourier transformation can be carried out, i.e., the horizontal components are given in
wavenumber domain but the z-direction is spacial. The source is given in wavenumber-Laplace
domain as:

I(kpy by, 2,8) = 1(5)8(k2)0(z — ¢.)&s. (2-9)

with the horizontal wavenumber k, and k,. We can conclude that an EM field is only for
k, = 0. The electric field at the receiver depth s,, produced by the electric source, is given
as [38]:

~ ~

E(ky = 0,ky, 2 = 5.,8) = —CI(5)G(s — ¢.)é, (2-10)

with the scalar Greens function:

- “Tls. —
G(sz—cz):eXp( 2’1‘? el (2-11)

The vertical wavenumber I' is for k, = O:

= \/W, (2-12)

where

¥ =1+/Cn, n=o0+seand (= spu. (2-13)

The magnetic field H = (H,, ffy, H.)T is than [38]:

ﬁx(kx =0,ky,z2=35;5) = 0 (2-14)
7 P 7 =) z — Lz

Hy(ky = 0,ky, 2 = 5,,8) = —( '05,F, = —Isign(s, — Cz)exp( ’28 c:l) (2-15)
T I ~ik —I z— Cz

oy = 0,kyy 2 = s2,8) = —iky( B, = Fv @RS ) (2-16)

2r
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Figure 2-1: Schematic sketch of the three-layered earth model.

with the sign-function sign(-). The transformation of the magnetic field ﬁ(kx,ky,sz) in
wavenumber-Laplace domain to the magnetic field H(sz, sy, s,) in space-Laplace domain at
receiver position (g, sy, s;)? is defined as:

o0

. 1 ~
H(sy, sy, 52,8) = —/ Hexp (—ikysy)dk,. (2-17)

27 ky=—00

In the case of the magnetic field in a homogeneous domain (Eq. (2-14)-Eq. (2-16)), the integral
expression of Eq. (2-17) has an analytical solution in the form:

~

Hy(sz,8y,52,8) = 0 (2-18)
Hy (s, 5y, 82,8) = —sign(s; —c;) (2 —s:)yd Kq(vyr) (2-19)
y\Sz, Sy, Sz, gn(s; 2 2’/T\/(Sy — Cy)2 n (Sz — cz)2 1Y

2 (cy — Sy)’Yj
H,(sz,8y,85,8) =
Z( Ty 2Ysr Oz ) 27T\/(8y — Cy)2 T (Sz — CZ)Q
which is the same results as Eq. (2-5) but in Cartesian coordinates and for the magnetic

field. Eq. (2-5) gives the magnetic flux density of a line source in cylindrical coordinates. The
magnetic flux density B can be calculated from the magnetic field H from:

Ki(yr), (2-20)

B = uH. (2-21)

2-2-2 1D three-layered earth

Based on the homogeneous solutions, a model for a 1D layered earth can be derived. We
consider a specific configuration where the cable is buried in the soil of the sea. The receivers
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are in the sea layer and on top of the sea is air. The soil layer and the sea layers are half-
spaces. The layers have the properties of the conductivity function 7, resistivivty function
(« and the vertical wavenumber I',. The subscript * is a for air, w for sea water and s for
soil. The depth of the water-air layer is z,,, and of the soil-water layer zg,. The depth of the
receiver is s, and of the cable ¢,. A schematic sketch is shown in Figure 2-1.
The cable will create an EM field traveling upwards. At the soil-water boundary, a part will
be transmitted and the other reflected. The reflected field travels downwards and does not
contribute to the measurement. A local reflection coefficient 7, at the soil-water boundary
can be defined [38]:
Fw - Fs

Tsw = m (2'22)
In water, the field has a direct path to the receiver and a path which travels to the water-air
boundary, gets reflected and than travels downwards. The local reflection coefficient at this
boundary is [38]:

'y —Ty

== - 2-23
Twa Fa + Fw ( )

A global reflection coefficient includes the contribution of multiples, i.e. the field which is
multiple times reflected at boundaries. The global reflection coefficient R, at the soil-water
boundary an the global reflection coefficient R,,, at the water-air boundary are [38]:
Ryy = Tsw + Ruwa exXp (_2Fw|zsw - Zwa|) (2_24)
1+ rswRuwa exp (_2Fw|wsw - Zwa|)
Rya = Twa- (2-25)

The electric field Ew(z = s,) at a receiver depth s, in the sea water layer, which is emitted
by a line source in the soil half-space, has the form [38]:

E(z=s,) = —I(Gs(2e0 — c:)A(exp(—Twls: — Zsw|)
+Rwa exp(_rw’zsw + 5, — 2Zwa|))éwa (2_26)

with the Greens function és(zsw — ¢;) in soil defined by Eq. (2-11) and the amplitude A;; of
the up-going electric field which has the form [38]:

14+ Rgy

A = . 2-27
Y 1+ Ryaexp (—2Ty|2sw — Zwal) (2-27)
The magnetic field is than derived by Eq. (2-14)-(2-16):
Hy(z=s,) = 0 (2-28)
fIy(z =s,) = —Isign(s, — ) TwGy(zew — ¢2) AL

(exp(—Tw|s: — zsw|) — Ruwa exXp(—Tw|zsw + S2 — 22wal)) (2-29)
H.(z=35,) = ikyIGs(zsw — c2)A,

(exp(—Ty|zsw — $z]) + Ruwa exp(—Tw|zsw + Sz — 22uwal))- (2-30)
The magnetic field in space-Laplace domain IA{(sm, Sy, Sz,s) can be calculated numerically

with Eq. (2-17). The magnetic flux density is determined from the magnetic field with Eq.
(2-21).
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2-3 Comparison of the numerical model with analytical solutions

In the following, we compare different model domains and the influence on the measurement.
We compare the analytical solution for a cable in air and in sea water with the numeri-
cal solution for a three layered earth. The magnetic permeability is in all layers pg, the
permeability of vacuum. Air is non-conductive and we assign an arbitrary high resistivity of
pa = 2 x 1020 Qm. We assume a resistivity for water of p,, = 0.3 Qm and for soil of p; = 1 Qm,
which are typical values for sea water and marine sediments [39]. The relative permittivity
in air is approximated with the value for vacuum (., = 1). A typical relative permittivity
for sea water is €,,, = 85 and for soil of the seabed is €, , = 23 according to [40]. However,
the low frequency approximation is taken and the permittivity is irrelevant. The cable is
along the x-direction and, therefore, the magnetic field B, = 0T. The tone in the cable has
a strength of 0.1 A and a frequency of f; = 31 Hz. The solutions in air and in sea are derived
by Eq. (2-5), the expression for a varying line source in a homogeneous space. The layered
earth model assumes a buried cable in the seabed at a depth of 1m. The water depth is
28 m. For different distances r diagonal to the cable, the solutions are compared. When the
magnetic field is computed directly above the sea bottom, the horizontal and vertical offset
to the cable is 1 m in this setup. The magnetic field B, By and the total field By are shown
in Figure 2-2a. Figure 2-2b shows the absolute difference between the solutions of sea water
and of the layered model with the solution in air.

Due to the same distance in horizontal and vertical offset, B, and B, have same values for the
homogeneous earth solutions. In the three-layer model, B, shows a similar behaviour with
distance as the homogeneous solution in sea water. With distance, the absolute difference
between these solutions and the solution in air increases exponentially because of the expo-
nential attenuation caused by conductivity. In sea water, the attenuation is greater than in
the three-layer mode. This is caused by the average conductivity in homogeneous sea water
which is higher than the average conductivity in the three-layer model because soil has a lower
conductivity than sea water. The magnetic field B, shows boundary effects which amplify
the amplitude in water. In wavenumber-Laplace domain, the horizontal magnetic field is pro-
portional to I'y,, the vertical wavenumber in sea water, which is positive and intensifies the
field (c.f. Eq. (2-29)). Additionally, B, attenuates due to conductivity. Figure 2-2b suggests
that at a distance of 14.5m, both effects counter balance and beyond, the influence of water
is more significant than boundary effects.

Figure 2-3 compares the solutions relative to frequency of the injected tone. The same setup
as before is considered. The sensor is 3 m above the cable, i.e. 2m above the sea floor, and the
horizontal offset is 3m. With increasing tone frequency, the influence of the earth structure
and conductivity becomes more and more significant. For frequencies less than 40 Hz, the
absolute difference between both models and the solution in air for all components is below
0.3nT. The vertical field B, is less influenced by boundary effects than B,,.
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(b) Absolute difference between the solutions in sea water and the three-layer mode, and air.

Figure 2-2: Comparison of analytical solutions in air, sea water and the numerical three-layer

model relative to distance between sensor and cable.
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Figure 2-3: Comparison of analytical solutions in air, sea water and the numerical three-layer
model relative to source frequency.
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Chapter 3

Theory of inversion algorithms

In this chapter, the theory of three different cable tracker systems (CTS I, CTS II and CTS
III) is described. CTS I is model based and inverts the scalar total magnetic field |B|. CTS II
uses the vector B to determine the direction where the cable is located but inverts the distance
similar to CTS I. CTS III finds the direction in the same way as CTS II, but calculates the
final position via an intersection of lines.

3-1 Cable tracker system |

The total magnetic field of an infinite, static line source is given by Eq. (2-4). Each sensor
with index ¢ = 1,2,...,n, measures a local total magnetic field |B’| and has an individual

distance ci. to the cable. The sensors have a relative position s' = (s¢, st s))T i =1,2,....ng

T %Yy Oz
to the center of the sensor array s = (sz, sy, 5.)T. The closest point on the cable from each
individual sensor is denoted as ¢* = (¢, ¢y, )T, When the total sensor array length is small in
comparison to the distance of the cable, we can approximate a cable position ¢ = (¢, ¢y, c)T

relative to s:
crcl, i=1,2,...n, (3-1)

This assumption only holds for certain array setups. It depends on the relative position of
the sensors to the cable and the sensor center. The separation between ¢ and ¢’ can have a
maximum distance of |s?|.

The approximated individual distance ¢’ between sensor and cable can be found with the
Pythagorean theorem:

cl o~ \/(Szx — 8z —Cx)? F(sh =5y — )+ (5L =5, —c2)? i =1,2,.,n, (3-2)
In combination with Eq. (2-4), a non-linear system of equations can be established:
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18 Theory of inversion algorithms

T/ (2m|BY) \/s}c Sp — Cx 2—1—(5‘73—83/—cy)z—i—(si—sz—cz)2 =0
Ipo/(2m|B?)) \/ 52— 8z —C2)?+ (s — sy —¢y)* + (82 — 5. — ¢z)? =0

Tuo/(27|B"|) — \/(325 — Sz —Cp)?H (sy° — sy —¢y)?+ (82 —s,—c)? =0

where the unknowns are ¢, ¢y, c, and I. The system of equations can be numerically solved
by minimizing the least-squares residuals for each individual equation using the Levenberg-
Marquardt algorithm. This algorithm is able to solve over-determined, non-linear systems of
equations but has the disadvantage of only finding a local minimum which depends on an
initial guess. If the initial guess is wrong, the final outcome may not be useful. A detailed
description of the solver can be found in [41].

3-2 Cable tracker system Il

In contrast to CTS I, CTS II does not look at scalar total field observations but rather at the
vector of the magnetic field emanated by the cable. The initial coordinate system spanned by
the unit vectors &, = (1,0,0), &, = (0,1,0)7 and &, = (0,0,1)” can be transformed into a
new coordinate system with basis &, & and &,. The transformation parameters are chosen
such that e, is parallel to the cable.

54 52) 7
(B, B;, BT is measured. The magnetic field created by the source is circular around the
cable and invariant along the cable. From this, it follows that the direction of the line source
is perpendicular to every measured vector. Therefore, a vector which is perpendicular with
respect to two non-collinar magnetic field vectors must be parallel to the line source.

The cable direction can be calculated for every possible sensor pair in the array via a cross

product. The final direction is then averaged from the individual solutions:

At each sensor position s' = (s , i = 1,2,...,ns, the magnetic field vector B? =

¥ I & <« B'x B/

“= ) & 2 B &4
=1 j=1i+1

where (n;) is the binomial coefficient, which is required for averaging.

The unit vectors €&/, and €/, can be chosen arbitrarily, as long as they are perpendicular to one

another and to ey, a full basis is required which spans the new coordinate system. Calculating

these two unit vectors can be done by first choosing an arbitrary unit vector (as long as it is

not parallel to the cable), for example:

érandom = (O, 07 _1)T- (3'5)

The other two vectors can be than calculated by:
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3-2 Cable tracker system I1I 19

In conclusion, three unit vectors €/, &/ and &, spanning a Cartesian basis are derived. The
vector &), points along the cable.
Having derived the unit vectors of the new coordinate system, the 3 x 3 transformation matrix

T can be established:

/
Yy

T =(&,¢,8)" . (3-8)

T Y Tz

Using the matrix T, the sensor positions s’ and the field measurements B? for each sensor i
can be transformed:

s =1T.s", B' =TT -B, i=1,2,....ns, (3-9)

where ' = (si, s;/, )T and BY = (Bg,Bg, BT denote vectors in the new system. The
change in coordinate system has multiple advantages. Since the magnetic field is circular
around the cable and is invariant along the cable, this leads to BZ = 0. The sensor position

,L'/

s’ can be shifted along the cable axis without changing the measurement. When s, is set to
zero, all sensors have the same reference point on the cable:
3 =(s7,0,sHT, i=1,2,...,n,. (3-10)

The initial 3D problem is reduced to 2D. The cable position ¢ is now estimated in the new
coordinate system and can be written as ¢/ = (¢}, ¢, ¢;,)". An intermediate step is necessary
where the relative cable position ¢ to each sensor is defined in cylindrical and Cartesian

coordinates:

[ci/]cyl = (Ci/7 Cgv cil)Tv (3'11)

Y
c = = (cg,cg,cg)T (cosch,0,sinc))T, i=1,2, .. ns. (3-12)

-/
Y 3
= CT

where cg is the axial coordinate which has the direction of é;. Due to the invariance of the

system, we choose cg = 0 in accordance to Eq. (3-10). Using vector algebra we find the

relation between |c/|, ¢ and ¢
2= B2+ 2+ 26 ), i=1,2,...,ns, (3-13)

where § is known, and ¢’ is determined using Eq. (3-12) with the individual azimuth angle
cg calculated by:

’ B’ . ¢
¢y = arccos ———=, 1 =1,2,...,n,. 3-14
0 |B7’ | s ( )
The individual cable distance ¢! is determined from Eq. (2-4), the equation for a static line
source: ,
;! Ho .
= P =12,
" 27r|BY|
The current I is unknown here. Using Eq. (3-12)-(3-15), a system of equations can be set up
with I and |¢/| as unknowns:

o (3-15)

( 2

0 =[P+ (%’ﬁ’;ﬂ‘) - ﬂﬁgil (Sll - (cos Cél,O,SiHCéI)T) — |2
2

_ 13212 pol _ _wpol (z2. 2/ s INT 2

0 =[s"]"+ (2W|B2,‘> B (s (coscg ,0,sincy) ) '] (3-16)

2 ’ /
~ I I . .
\0 = [8")2 + (2;“]‘;%') — WG;”-'SI (s”é : (cochS,O,smcgs)T) — |2
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20 Theory of inversion algorithms

The system of equations is again solved by minimizing the residual least-squares using the
Levenberg-Marquardt algorithm. With the current I, the relative cable position ¢? to each
sensor can be calculated with respect to e/, e;, and €/, from Eq. (3-12). With the known sensor
position ’SV"/, the cable position relative to the array center can be calculated. Averaging over
all sensors, the cable position ¢ is given by:

1 < . y
o NG e, 3-17
c . jEl(s +c’) (3-17)

The cable position in the initial coordinate system is calculated from:
c=T-c+s (3-18)

with s as the center of the sensor array. CTS II requires a minimum of two measurements for
inverting the cable position.

3-3 Cable tracker system llI

CTS III finds the position of the cable from intersecting lines. In accordance to Section 3-
2, the sensor positions s’ and the measurements B? are transformed via the transformation
matrix T into a new coordinate system in which they are written as s* and B? using Eq.
(3-9). This system is characterized by the unit vector é; which is parallel to the cable. The
unit vectors &, and &, are orthogonal to another and to €. The sensors can be shifted along
the cable until they have the same reference point on the cable and the new sensor positions
are denoted as 8*. The position of the cable ¢! in reference to each individual sensor position
can be determined by Eq. (3-12). In this approach, the direction of the individual sensor
positions &’ is sufficient, which is:

& = cosc'/, ,sinc'l , 1=1,2,...,ng. -
¢! 0 ,0,sinch)T 1,2 3-19

The individual azimuth angles cg are determined with Eq. (3-14). This equation only depends
on the transformed magnetic vectors B which are measured. The location of the cable ¢/
in the transformed coordinate system is determined by finding the intersection of lines I,
i=1,2,..,n5. A line 1’ is defined by [42]:

=5 +1&/, —co<t<oo, i=12,..ns (3-20)

In the distortion free case, 1’ intersects with the true cable position ¢/. When the line is
not intersecting with the cable position (for example due to noise), a squared perpendicular
distance D(c’ U éi/) can be derived which describes the shortest distance between the line
1’ and the true cable position ¢’. It is of the form [42]:

D(c;8" &)y =@F )T -@1-¢&" &) (8 =), i=1,2,..,n, (3-21)

where I is the 3 x 3 unity matrix. A total squared distance function D(c’) sums over all

D(c/;5",¢") [42]:

D(c)=> D(c;& &) (3-22)
7j=1
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3-3 Cable tracker system III 21

The cable position ¢’ is unknown, however, we assume that the cable is at the location where
the total squared distance function is minimal. Minimizing Eq. (3-22) involves differentiating
the equation regarding to ¢’ and set it equal to zero [42]:

dD(c’) S T o\ i &d'TY
=2y (1- T 2y (1-¢ - T) =0, (3-23)

This equation can be written as a linear system of equations of the form [42]:
R-c'=q (3-24)

with:

B s i AT _
R — ;(I & e ) (3-25)

Ns
a =3 (I . éj’T) =8 (3-26)
j=1

The matrix R is 3 x 3 and q is a 3 x 1 vector. This system of equations has as many
unknowns as equations. Using a solver for a linear matrix equation, like the gesv routine,
gives the solution ¢’ of Eq. (3-24). The cable position ¢ in the initial coordinate system is
derived from the solution in the transformed coordinate system ¢’ and Eq. (3-18).
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Chapter 4

Analyses of synthetic data

4-1 Convergence and array studies

In this chapter, the performance of cable trackers CTS I, CTS II and CTS III are tested on
synthetic data with the aim to study their convergence behavior. Additionally, the influence
of different sensor arrays on the accuracy of the tracked cable location is accessed. Four
different cable setups (C1, C2, C3, C4) are considered which are shown in Figure 4-1. All
setups work on the premise of a homogeneous domain of resistiviy p = 0.3 Qm, a typical value
for shallow sea water [39]. In C1, the cable is parallel to the x-axis, with an offset of 3m in
y-direction and in 2m depth (i.e. z-direction). In C2, the cable is positioned in the same
depth but rotated in the horizontal plane by 45°. The distance between the cable and the
sensor array is similar to C1. In setup C3, the cable runs parallel to the y-axis, with offsets
similar to C1. C4 considers a cable which has the same distance to the center of the CTS
as the other three setups. The heading direction of the cable is same as C2, however, it is
positioned directly below the center. More information about C1, C2, C3 and C4 is listed in
Table 4-1.

Six different arrays consisting of five sensors are tested with a sensor center s = (0,0, 0)m.
The sensor coordinates in reference to the CTS center s are itemized in Table 4-2 and graphed
in Figure 4-2. The chosen arrays are not symmetric in every direction and as a result have
a directional susceptibility. The setups are selected in such a manner that they extend in y-

’ Parameters ‘ C1 ‘ C2 \ C3 \ C4 ‘
(ez[m], ¢y[m], c.[m]) | (0,3,2) | (2.12,2.12,2) | (3,0,2) | (0,0,3.6)
fs[Hz] 31 31 31 31
I[A] 0.1 0.1 0.1 0.1
p[Qm] 0.3 0.3 0.3 0.3
Ng 5 5 5 5

Table 4-1: Parameters of cable setup C1, C2, C3 and C4.
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Figure 4-1: This figure shows four different cable setups (C1, C2, C3 and C4) and the center of
the sensor array.
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‘ st [m] s2 [m] ‘ g3 [m] ‘ st [m] s? [m]
Array 1 (0,1, 0) (0, 0.5, 0) (0, 0, -0.5) (0, -0.5, 0) (0, -1, 0)
Array 2 | (-0.25, 0.25, 0) | (-0.25, -0.25, 0) (0, 0, 0.25) 0, 0, -0.25) (0.25, 0, 0)
Array 3 (0, 0, 0) (0, 0.25, 0.25) (0, 0.25, -0.25) (0, -0.25, 0.25) (0, -0.25, -0.25)
Array 4 | (0.25,0,0) | (-0,25, 0.25, 0.25) | (-0.25, 0.25, -0.25) | (-0.25, -0.25, 0.25) | (-0.25, -0.25, -0.25)
Amray 5 | (0,0, 0) (0, 0.25, 0) (0, 0.5, 0) (0, -0.25, 0) (0, -0.5, 0)
Amray 6 | (0,0, 0) (0, 0, 0.25) (0, 0, 0.5) 0, 0, -0.25) (0, 0, -0.5)

Table 4-2: Sensor positions of Array 1-6.

’ ‘ Start ‘ End ‘ Number steps

czo | —10m | 10m 5
cyo | —10m | 10m 5
C2,0 Om 60 m 5
Iy 0A 2A 10

Table 4-3: Parameters for the grid search of initial guesses defined by the start and end values
of each variable and the number of intermediate steps. In total, 1250 different initial
values are tested.

and z-direction rather than in x-direction. The reason for this choice is that the sensitivity
of a cable tracker system does not need to be the same in all directions. In general, prior
knowledge about the location of the cable after installation exists. A survey can be designed
in such a way that the vessel is sailing roughly along the cable. Therefore, the tracking system
should be more sensitive to depth and offset than in the direction along the sailing line. The
cable setups are chosen in a way that the influence of sensor array’s geometries can be tested.

4-1-1 Cable tracker system |

Synthetic data is created for every array-cable-combination. Then, the inversion is applied
multiple times with different initial guesses for the location (¢ 0, ¢y,0,¢20) and current Iy to
study their influence on the estimated parameters and the convergence behaviour. The initial
guesses are chosen systematically from a grid search. Detailed information about the grid
search is displayed in Table 4-3. The solutions are shown in Table A-1 - A-4 of Appendix A-1.
Which array is able to get the position of the specific cable setup is shown in Table 4-4. The
table shows that some arrays perform superior and that some cable setups are more detectable
than others. Array 2 and Array 4 detect all cable setups, because the sensors have a three
dimensional layout. Array 5 and Array 6 are lines of sensors. These arrays are not able to
properly detect any cable setup. It can be concluded that this inversion methods benefits
from a sensor array which is spherical- or cubical-like. This behaviour might be caused by
the assumption taken for CTS I. The relative cable position of each sensor is approximated
as similar to the cable position relative to the sensor center. In general the system is well
able to achieve a successful convergence.
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Figure 4-2: An array setup consist of five sensors Sy, S, ..., S4 which are distributed in space.
Six different array configurations are shown. Each sensor has its relative coordinates

respect to the the array center at (0,0, 0)

[C1[C2[C3]|C4|

X

Array 1 | x
Array 2 | x
Array 3 | x
Array 4 | x
Array 5
Array 6

X
X
X

Table 4-4: Capability of CTS | to detect different cable setups with a particular sensor array.
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y [C1][C2[C3]|C4|

Array 1 | x | x | x
Array 2 | x | x X X
Array 3 | x X X X
Array4 | x | x | x | x
Array 5 | x X

Array 6 | x | x | x | X

Table 4-5: Capability of CTS Il to detect different cable setups with a particular sensor array.

y [C1[C2[C3]|C4|
Array 1 | x | x | x | x
Array 2 | x | x | x | x
Array 3 | x X X X
Array4 | x | x | x | X
Array 5 | x X X
Array 6 | x | x | X

Table 4-6: Capability of CTS Il to detect different cable setups with a particular sensor array.

4-1-2 Cable tracker system Il

In the same manner as for CTS I, the performance of CTS II is assessed on synthetic data.
Its convergence behavior is studied and possible sensor arrays are tested. The same cable
setups C1, C2, C3 and C4 (c.f. Figure 4-1 and Table 4-1) and the same arrays (c.f. Table 4-2
and Figure 4-2) are considered as in Section 4-1-1. The inversion results of each cable sensor
array pair is shown in Table A-5 - A-8 of Appendix A-1. Table 4-5 summarizes which array
type can invert which cable setup. In general, all array types perform well. However, Array
6 cannot detect C3 because of the symmetry of the cable. All sensors measure the same
magnetic field vector. Cable C4 cannot be detected by Array 1 and Array 5. The solutions of
all sensor arrays are stable except for an initial current of Iy = 0 A, when the wrong solution
is found.

4-1-3 Cable tracker system Ill

In this section, the results of CTS I1I is analysed. Since this method relies on inverting a linear
system which has as many unknowns as equations, only one solution exists (if one exists) and
a convergence study is not required. Table A-9 - A-12 in Appendix A-1 shows the result of
inverting the cable position C1-C4 with the individual sensor arrays. Table 4-6 shows which
cable setup can be detected by which array. The cable position can be always determined
except if all sensors have the same directional vector ¢'. In those cases, an intersection of
lines cannot be found. This is the case for Array 5 with C3 and Array 6 with C4.
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4-2 Performance in noise disturbed domain

4-2-1 The noise disturbed domain

In the previous section, the convergence behaviour and possible sensor arrays have been eval-
uated. This section analysis the systems in a noise disturbed area. The model domain is sea
water which has a resistivity of p, = 0.3Qm and a relative permeability of j,, = 1. The
data are modeled with the analytical solution of a varying line source (c.f. Eq. (2-5)) which
is parallel to €., i.e. cable setup C1 is considered.

The signal in the cable has a frequency of 31 Hz and a strength of 0.25 A. We only look at
sensor arrays which work with the respective CTS. CTS I is tested with Array 2 and Array
4 since these are the only arrays which are able to determine the location of all four cable
setups. CTS II and CTS III are tested with Array 5 and Array 6 because of their simplicity
and the ease of handling when mounted on survey platforms.

Different error and noise sources will disturb the data. In this study, these statistical terms
are added to the magnetic channels after modeling. The earth magnetic field in the extremely
low frequency band is below 0.1nT [43]. Artificial noise, which can be caused by the oper-
ational vessel, will disturb the measurement. After analysing magnetic data measured from
an offshore survey by Sensys with the FGM3D/100 sensor in the Baltic sea, the ambient
noise is estimated with a standard deviation of 0.1nT in 31 Hz. This value is subsequently
applied on all sensors and directions individually. Additionally, the sensors have a relative
error of +0.1% according to [44]. After mounting the frame, the sensors will have an assumed
positioning error of standard deviation 2.5 mm. During surveying, the sensor frame can tilt.
We assume that the array is dipped by an unknown angle of standard deviation 1° which is
the accuracy of a typical motion sensor like the ISA500 by Impact Subsea [45].

Since the error terms are random, this experiment is conducted multiple times (3000 iter-
ations). The distributions are shown in Figure A-1-A-6 in Appendix A-2. The standard
deviation o and the mean u from the distributions are summarized in Table 4-7 for each CTS
and array.

Figure A-1-A-6 shows that the error terms are normally distributed. Therefore, it is reason-
able to describe the performance of the systems in terms of mean and standard deviation. The
CTSs with the associated sensor arrays have in average an inversion error which is smaller
than 0.05m. The standard deviation of the inversion is below 0.3 m. The only exception is
CTS III with Array 5. This combination has a mean inversion error of 0.09m for ¢, and c..

4-2-2 Distance study

CTS I, CTS II and CTS III are tested for different horizontal and vertical offsets in the same
environment as described previously, i.e. sea water with noise. The offset and cable depth is
analyzed in 0 — 8 m and the domain is discretized by 16 x 16 cells. In a setup where the cable
is parallel to the x-axis, the vertical offset corresponds to a changing depth of the cable c,
and the horizontal offset to a changing c,. A similar analysis is carried out for rotated arrays
which have a different azimuth to the cable.
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Arrayu‘a ,u,‘a u‘a ,u‘a
CTS 1 2 0.00 | 0.24 | 299 | 0.28 | 1.99 | 0.28 | 0.25 | 0.02

CTS 1 4 0.01 | 0.22 | 3.01 | 0.20 | 2.00 | 0.20 | 0.25 | 0.01
CTS 2 ) 0.00 | 0.12 | 3.02 | 0.14 | 1.98 | 0.08 | 0.25 | 0.01
CTS 2 6 0.00 | 0.16 | 2.96 | 0.19 | 1.95 | 0.13 | 0.25 | 0.02
CTS 3 ) 0.00 | 0.11 | 291 | 0.19 | 1.91 | 0.16 - -

CTS3| 6 |0.00]017 306013201011 - -
| | True [0.00] - [300] - [200] - [o025] - |

Table 4-7: Performance of CTSs in detecting C1 in sea water with noise which is evaluated in
terms of mean p and standard deviation o. The inherent histograms are Figure A-1-
A-6 which are shown in Appendix A-2.

Cable tracker system |

CTS I is tested with Array 2 and 4. The results for C1 with an azimuth angle of 0° between
cable and sensor frame are shown in Figure 4-3 and Figure 4-4. The figures show the absolute
error between the mean inversion result and the true location and the standard deviation.
Since both arrays have a 3D structure, their results are similar. The x-coordinate of the
cable position ¢, is inverted well in terms of the mean solution. However, this coordinate is
not changing for different horizontal or vertical offsets in C1. In terms of mean, ¢, and c,
have an absolute error of less than 1 m in a radius of 6 m around the cable. However, the
standard deviation exceeds more than 1m for a radius larger than 5m in all three coordinate
components.

Array 2 and 4 are also tested for different azimuth angels between cable and sensor frame.
The results are shown in Figure A-7 - A-12 of Appendix A-2. The results show that the
influence of different azimuth angles is small. The reason for this is that Array 2 and 4 are
extending in all three spacial directions equally.
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mean estimation and the true value. The second row shows the associated standard
deviation.
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Cable tracker system Il

The results from CTS II with Array 5 are shown in Figure 4-5. The cable position ¢, is well
estimated. The mean absolute error is below 0.5 m and the standard deviation below 0.25 m.
Beyond a radius of 4m, the estimated ¢, has an absolute error of more than 1.5m. Inside this
radius, the standard deviation of the inversion is below 0.75 m. The depth ¢, is well estimated
for vertical offsets less than 5m with the standard deviation not exceeding 1 m.

The inversion results with Array 5 change for different azimuth angle between cable and sensor
frame. Figure A-13 - A-15 in Appendix A-2 show the influence for different azimuth angles
between Array 5 and the cable. Noticeable is that the area where the inversion succeeds
is not changing shape but only becomes smaller. For azimuth angles below 22.5°; the loss
of accuracy is insignificant. The results for CTS II with Array 6 are shown in Figure A-16
in Appendix A-2. Due to the symmetry of Array 5 and 6, the results are just rotated and
interchanged between c, and c,. The benefits of using Array 6 is that it is independent of
the azimuth angle between sensor frame and cable.

Cable tracker system Ill

CTS IIT is tested with Array 5. The results are shown in Figure 4-6. The average cable
position of ¢, is well estimated. However, for distances larger than 4 m, the standard deviation
is increasing to more than 1 m. The estimation of component ¢, and c, stays especially good
for increasing vertical offset. For horizontal offset larger than 5 m, the accuracy of determining
¢y and c; is decreasing rapidly.
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sensor positions to the cable. The first row displays the absolute error between
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standard deviation.

The performance of Array 5 depends on the azimuth between cable and sensor frame. The
results for different azimuth angles is shown in Figure A-17 - A-19 in Appendix A-2. For
increasing azimuth angles, the detecting range is decreasing. For azimuth angels less than
45°, the inversion outcomes are almost unchanged. The results of CTS III with Array 6 are
shown in Figure A-20. The findings are similar to Figure 4-6, which shows the results of CTS
IT with Array 5, but rotated and interchanged for ¢, and c,.

4-2-3 Influence of sensor separation

In the previous sections, different array configurations are tested where the separation distance
between the sensors is 0.25m. In this section, CTS I, CTS II and CTS III are tested for
different sensor separations. The same sensor arrays as in the previous section are considered.
The model domain is sea water with noise. The cable setup is C1. The results are shown in
Figure 4-7. Separation distances of below 0.4 m negatively influences the inversion accuracy
for all CTSs and Arrays, whereby the mean estimation deviates from the true solution and
the standard deviation increases. When the sensor separation distances is more than 0.4m,
however, the inversion results do not get more accurate. Neither the mean estimation nor the
standard deviation significantly improves.
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Figure 4-7: Shown is the influence of different sensor separation distances for CTS | with Array
2 and 4 and for CTS II-11l with Array 5-6 in a noise disturbed sea water environment.
The modeled cable setup is C1.

August 9, 2019



34 Analyses of synthetic data

4-2-4 Influence of dipped cable

In the previous sections, only horizontal cables without dip are considered. In this paragraph,
cable setup C1 is analyzed in sea water with noise for different dip angles of 0 — 60°. The
results for CTS I, CTS II and CTS III are presented with the same sensor arrays as in the
previous sections. The dip of a cable can be also interpreted as a tilted sensor array relative
to a horizontal cable for a homogeneous domain. The results for CTS I, CTS II and CTS III
are presented in Figure 4-8.

The influence of a tilted cable on the inversion results of CTS I for both Array 2 and 4 is
small. For dip angels below 40°, the mean estimated cable location for CTS II and III follows
the true position. However, for Array 5, the standard deviation of the inversion is steadily
increasing for both CTSs. CTS II with Array 6 and CTS III with Array 5 loos accuracy
for dip angles larger than 40° which manifests in a wrong mean estimation and increasing
standard deviation.

Currently, power cables are laid out only on the continental shelf which is characterized by
a flat sea topography of a dip angle rarely larger than 1° [46]. Thereby, the cable dip angle
relative to the sensor array should be well in the limit for CTS I-III. The dip angle of the
cable may exceed the limit at connections to the shore or offshore infrastructures. However,
at those sections the cable cannot be approximated as an infinite, straight cable which is an
assumption for the expected symmetry of the magnetic field created by the current in the
cable. The sensor array, on the other hand, may tilt by larger angles. When the array is
dipped by less than 40°, the accuracy of the inversion is not significantly reduced.

In this section, the homogeneous model domain is sea water. When a layered earth is con-
sidered, boundary effects can influence the field which means that a tilted sensor array is not
equal to a tilted cable.
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Figure 4-8: Shown is the influence of a tilted cable for CTS | with Array 2 and 4 and for CTS

I-111 with Array 5-6. The modeled cable setup is C1.
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4-2-5 Influence of tone frequency

An electromagnetic field, propagating in sea water, will attenuate due to the conductive of
the environment. The attenuation factor is the skin depth § which is defined as the distance
where the signal amplitude has reduced by a factor of 1/e. The skin depth is the inverse of
the propagating constant v: 6 = 1/7. Figure A-21 in Appendix A-2-3 shows the skin depth
relative to frequency for soil and sea water. With increasing frequency, the skin depth is
decreasing and the EM field attenuates faster. The attenuation curve for different frequencies
of a field produced by a line source is shown in Figure 2-3a. The influence of tone frequency
on inversion is shown in Figure 4-9. The relative depth between sensor array and cable is 2m
and the horizontal offset is 3 m, which is cable setup C1. The model domain is homogeneous
sea water with noise. CTS I and II loose accuracy in predicting the cable position with
increasing frequency. The loss in accuracy becomes significant for tone frequencies higher
than 40Hz. CTS I and II rely on a model which is based on a static line source. For larger
tone frequencies, the error due to the approximation of the cable as a static source increases
which results in an increasing inversion error. CTS III is not based on a model and the
inversion is independent of the frequency. However, with increasing frequency the signal to
noise ratio decreases because of the weaker signal. This effect is not significant for the chosen
noise source, the distance between sensors and cable, and the frequency range which is under
500 Hz.
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Figure 4-9: Shown is the influence of tone frequency injected in the cable for CTS | with Array
2 and 4 and for CTS II-IIl with Array 5-6. The modeled cable setup is C1.
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4-3 Influence of soil and air

In Section 2-2, a numerical model for a three-layered earth is presented. The layers used are
air (pg = 2x102°0m, p0 = 1, €4 = 1), sea water (py = 0.3Qm, iy = 1, €4 = 85)
and seabed with marine sediments (ps = 1Qm, p,s = 1, €. = 23). In this section, the
influence of a layered earth is studied without noise. Four different environments are studied
here; A homogeneous sea water domain, a two-layer model consisting of sea water and marine
soil, a two-layer model consisting of sea water and air, and the three-layer model mentioned
above. A two-layer model is created by using the three-layer model where two layers have
the same resistivity and permeability. All models are permittivity independent because of
the low frequency assumption. CTS I is tested with Array 2, and CTS II and III with Array
5. The cable setup is parallel to the x-axis. ¢, relates to the horizontal offset and c, to the
vertical offset. The cable position ¢, = 0m. The tone frequency is 31 Hz.

4-3-1 Water model

Figure 4-10 shows the inversion results of CTS I-III in homogeneous sea water relative to
vertical and horizontal offset. Shown is the absolute error between the inverted and the true
cable position. CTS I and II loose accuracy with increasing horizontal and vertical offset
because both systems do not account for the conductivity of the sea water. CTS III does not
show an error because it is not based on a biased model.
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Figure 4-10: Results of inverting for a cable in sea water (without noise) for CTS | with Array
2 and CTS II-1ll with Array 5.
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4-3-2 Soil-water model

In this section, the influence of the seafloor is examined. A model consisting of a sea water
half-space and a marine soil half-space is considered. The cable is buried in 1 m depth in the
soil and the sensors are in the water column. The results for CTS I, II and II are shown in
Figure 4-11. CTS I can determine the horizontal and vertical position of the cable with an
absolute error of less than 0.3 m for the full investigation depth and offset. The error patterns
are changing when compared to the homogeneous sea water results. The soil layer has a larger
influence on the accuracy of CTS II than on CTS I. The horizontal position ¢, of the cable,
inverted with CTS II, can be obtained with an absolute error of less than 0.5m in a radius
of 7m around the cable. The accuracy in determining the depth ¢, reduces when the vertical
offset between the sensor array and the cable is much larger than the horizontal offset. CTS
III looses accuracy in inverting ¢, when the horizontal offset is larger than the vertical offset.
The system can invert the depth of the cable with an absolute error of less than 0.4m in a
radius of 4m around the cable.
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Figure 4-11: Inversion results for CTS | with Array 2 and CTS II-Ill with Array 5. The model
domain is sea water with a marine soil half-space and without noise.
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4-3-3 Water-air model

This section discusses the influence of the sea surface by modeling a domain which consists
of an air and a sea water half-space. The cable is 29 m below the sea level. The sensor array
is between the cable and the sea surface, much like it would be if towed during an actual
survey. Inversion results for different horizontal and vertical offsets are shown in Figure 4-12.
CTS I looses accuracy in inverting for ¢, for distances larger than 7m where the absolute
error between the inverted and the true position exceeds 0.5m. The inversion accuracy of
¢, mainly reduces for increasing vertical offsets. When the vertical distance between sensor
array and cable is larger than 6 m, the absolute error is more than 0.3 m. CTS II inverts the
horizontal and vertical cable position with an absolute error of less than 0.4m for the entire
8 m x 8 m model domain. The absolute error patterns caused by the sea surface are similar to
the absolute error patterns caused by the seafloor for CTS III. However, the absolute errors
are smaller for the sea-air model, i.e. the sea surface interface has a smaller influence on CTS
III than the seafloor interface. The horizontal cable position ¢, can be determined with an
absolute error of less than 0.5m up to a horizontal offset of 4m. The cable depth can be
determined for distances which are not larger than 7m with an absolute error of less than
0.4 m.
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Figure 4-12: Inversion results for CTS | with Array 2 and CTS II-Ill with Array 5. The model
domain is sea water with an air half-space on top and without noise.
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4-3-4 Soil-water-air model

In the previous sections, the influence of sea water, the sea bottom and air is discussed sepa-
rately. The conductivity of water biases CTS III less than CTS I and II. The interaction of
the EM field with the soil-water boundary reduces accuracy in particular for CTS II and III.
The air layer affects CTS I and III more than CTS II. Figure 4-13 shows the inversion results
in the three-layer earth with the layers air, sea water and seafloor. The results show some
patterns which are similar to patterns recognized from the inversions of the homogeneous sea
water and the two-layer models. In general, the inversion results from the three-layer model
are more accurate than the results from the soil-water model only. It appears the air half-
space counterbalances certain boundary effects from the seafloor. CTS II and III are more
influenced by a layered earth than CTS I. The strength and the direction of the EM field are
influenced by boundaries. This causes a bigger error for CTS II and IIT than CTS I, since
models II and III rely on all three components of the magnetic field, while CTS I inverts the
total, scalar magnetic field.

The study of the three-layered earth model gives some insight in how the cable tracker sys-
tems will perform in an offshore measurement campaign. A new inversion scheme might be
necessary to include the influences of the marine soil and the air half-space. This new inver-
sion scheme requires more input parameters than the schemes introduced in this project. In
particular, the depth and the conductivity of the sea layer, and the conductivity of the marine
soil needs to be known. While the conductivity of the sea layer can be measured accurately
with a conductivity probe, the conductivity of the marine soil cannot be measured accurately
in-situ.
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Figure 4-13: Results of inverting for a cable in a three-layered earth for CTS | with Array 2 and
CTS 1I-II with Array 5.
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4-4 Cable tracker system | and Il with known current

Several assumptions have been made before developing inversion algorithms for cable track-
ing. In most cases, the current of the signal in the cable is unknown. CTS I-III are designed
based on this assumption. However, the current can often be approximated from the current
of the injected tone, the resistance of the cable, and the cable length between the point where
the tone is injected and the section which is surveyed.

CTS III is not model based and is independent of the knowledge of the current. Similar to
Section 4-2-2, CTS I with Array 2 and CTS II with Array 5 are evaluated for performance in
sea water with noise but now for a known tone strength I. The systems are abbreviated as
CTS I and CTS II"™. The results for CTS I" are displayed in Figure 4-14 and for CTS II™
in Figure 4-15.

The inversion results of CTS I"™ slightly improve due to the known current by comparison
to the results from CTS I (c.f. Figure 4-3). This is visible in a more accurate estimation of
the mean inverted cable position. The standard deviation does not change significantly. The
range where the absolute error between the mean inverted position and the true position is
below 1 m and the standard deviation is below 1 m is in a radius of 5m.

Comparing CTS II" with CTS II (c.f. Figure 4-5) reveals that knowing the current signifi-
cantly improves the inversion results of CTS II. The depth of the cable ¢, is well estimated
for a distance of 8 m with a standard deviation of under 1m. When the sensor array and
the cable are separated by a distance of more than 4m, the mean inverted horizontal cable
position ¢, has an absolute error of more than 2m and the standard deviation is larger than
1m.
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Figure 4-15: The inversion results of CTS II"™ are shown with Array 5 in noise disturbed sea
water for different sensor positions to the cable. The first row displays the absolute
error between the mean estimation and the true value. The second row shows the
associated standard deviation.
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Chapter 5

Prototype

A prototype has been developed which has been used in a field survey with the aim of detecting
and locating the relative position of a test cable. The prototype consists of an array of five
synchronized 3-axis fluxgate magnetometers (in total 15 channels) and a 3-axis motion sensor.

5-1 Magnetic sensors and motion sensor

5-1-1 Hardware setup

The direction and strength of the magnetic field is measured with five 3-axis fluxgate magne-
tometers (FGM3D/100 by Sensys). The systems technical parameters can be found in [44].
A relative measuring error of < 0.1% and a range of £10000nT are stated. The sample
frequency used during the testing of the prototype is 1000 Hz and the maximum frequency of
a continuous signal which can therefore still be reliably sampled according to the sampling
theorem is 500 Hz.

For detecting the absolute orientation of the sensor array, we use the BNO055 motion sensor
by BOSCH. This device consists of a triaxial gyroscope, accelerometer and magnetic compass
sensor. Using a built-in fusion algorithm processed on an Arduino micro controller, the data
are merged to calculate the absolute orientation of the device in a global coordinate system.
The system is spanned by magnetic North ey, East €r and the gravitational vector &,. The
orientation is given in Euler angles (® € [—180°,180°], ¥ € [-180°,180°] and © € [-90°,90°])
relative to the global coordinate system. The data output rate of the processed data is around
100 Hz. The manufacturer does not supply an accuracy for the processed orientation, though,
the accuracy of each subsystem sensor are stated in [47].

5-1-2 Software setup

The magnetic and orientation data are transferred via Ethernet using an User Datagram
Protocol (UDP) connection to a laptop computer which records and monitors the data using
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an application written in Python 3.4. Two independent measuring systems are used which
are not time-synchronized. When the laptop receives and stores a data package, it adds a
computer time stamp which is used for synchronizing both data types. Since the amount of
motion is limited during the field tests, further time synchronization or sample rate matching
is not considered necessary. The data is stored as a time series to ASCII files for processing
and analysis.

Before the data can be inverted, they need to be processed. Two different schemes for
processing the magnetic time series have been used and these are explained in detail and
compared against each other in the following sections. After processing, the magnetic response
of the cable at the frequency of interest is obtained from the time series which have been
measured. Every sensor measures three axes, which gives 15 magnetic field parameters in total
for an array of five sensors. These 15 parameters are the input for the inversion codes from
which the location of the cable is calculated. The current status is that the processing schemes
are not carried out in real time, i.e., the data are first recorded. After the measurement is
finished, the data are processed and inverted. The data from a single measurement can
be processed and inverted as a whole. This is done when the sensor array is static and
stable during the recording. The method can be used with and without motion sensor. If the
BNOO055 is not used, the cable position is inverted in a local coordinate system with the axis of
the magnetometers as reference. When the sensor array is moving through the duration of the
measurement, windowing is applied and each data set is processed and inverted separately.
The appropriate length of the window depends on several factors which are survey speed,
sample frequency and frequency of injected tone.

5-2 Processing

When five sensors are used, 15 channels measure magnetic components at five different posi-
tions and in three directions. The channels are separately processed to obtain the magnetic
field strength at the frequency of interest (fs = 31 Hz), which is the dominant frequency of
the block function of the injected signal. In this section, we describe two different processing
schemes and compare them afterwards.

5-2-1 Processing based on band-pass filtering

The first processing scheme operates in time domain. A bandpass filter with a narrow band-
width (1 Hz) around the frequency of interest is applied. The filtered data consist of the
signal emanated by the test cable and residual noise. The desired signal is a sine curve with
the frequency of interest. Its amplitude A can be determined from the variance o2 [48]:

A =V202. (5-1)

The bandpass filter which is used in this project is a standard Butterworth filter with low and
high cutoff frequencies of f.+ 0.5 Hz and order 6. The order is chosen in such a manner that
a good compromise between complexity of the filter design and attenuation beyond the cutoff
frequency is achieved. The benefit of using a Butterworth filter is its frequency response,
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which is as flat as mathematically possible in the frequency band passed. In other words,
it does not have ripples [49]. According to [50], down sampling is required if the sampling
frequency is much higher than the cut-off frequencies of the band pass filter, as it is the case
here. Before filtering, the sampling frequency is reduced by a factor of 10 to 100 Hz. The
filtered time series are therefore sufficiently sampled to resolve a maximum frequency of 50 Hz
without aliasing. The frequency response of the designed filter is shown in Figure 5-1.

Filter design discussion

The Butterworth filter is an Infinite Impulse Response (IIR) filter which is designed for steady-
state operations (i.e. large number of samples). This type of filters performs poorly when a
small number of samples are processed due to the transient effect when the frequency response
of the filter depends on the number of data samples [51]. A simple way of manipulating a
short data set to obtain the steady-state behaviour is to duplicate and append it multiple
times where every second duplication is additionally reversed. The artificially extended time
series will suffer less from transient effects. Using these techniques, recordings of above 0.5s
(500 samples) can be processed.

Another type of filters which might be worth to investigate in more detail are the Finite
Impulse Response (FIR) filters. Contrary to an IIR filter, the response of a FIR filter has
a finite response. A FIR filter is always stable which gives flexibility in designing a filter of
certain characteristics. Additionally, it has a linear phase which means that the group delay
of the signal is almost constant. Finally, it does not suffer from transient effects. It is faster
in processing data sets of small sample number. However, a higher order FIR filter is required
in comparison with an IIR filter to achieve a similar filter response [52].

5-2-2 Processing in frequency domain

The signal strength of the center frequency fs can be obtained from the Power Spectrum (PS)
which has the unit T? and describes the power at frequency f of a random, deterministic time
series as a statistical average [53]. The PS can be estimated from a finite measurement using
welch’s method [54]. In this method, the time series is split into multiple sections. On
each section, a windowed discrete Fourier transformation (DFT) is performed. The squared
average over all transformed sections estimates the PS. Windowing is used to get the desired
frequency resolution and to reduce noise. A window function is also required to reduce edge
effects. It is common practice to apply a fast Fourier transformation (FFT) for calculating the
DFT and we have done so here. The window function we apply is a Hanning function with
half overlapping windows, a common choice for data with random characteristics [55]. The
window length is 1000 samples which yields a frequency resolution of df = 1 Hz. The speed of
the FFT will increase if 1024 samples are used because the FFT method is optimized for 2"
samples [56]. Therefore, we add 24 zero samples to each window (zero padding). This does
not change the resolution but increases the number of frequency bins. The square root of the
power at our sought-after frequency of 31 Hz gives the amplitude of the dominant frequency
of the block function.
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Figure 5-1: Frequency response of the applied Butterworth filter after down sampling the sam-
pling frequency to 100 Hz.

5-2-3 Comparison

Both processing schemes are tested on actual data recorded during the field test. Five sensors
(SO, S1, ..., S4) in a fixed frame measure the ambient magnetic field including the signal that
is emanated by a cable that carries a block signal of dominant frequency 31 Hz. The survey
and its results are described in more detail in Section 6. We will, however, briefly use some
of the results from the field test to analyse the response of each of the two filter methods.
Processing is applied on an exemplary measured set of time-series. Table 5-1 shows the
total magnetic response at 31 Hz for the individual sensors, obtained with the time-domain
and frequency-domain scheme. Sensor SO is closest to the cable and shows the strongest
field strength and S4 is furthest away with the smallest field strength. The decrease in
measured field strength with distance from the cable can be seen in both processing schemes.
The obtained amplitudes with the time-domain scheme are slightly higher than with the
frequency-domain scheme. Nevertheless, the ratio of both results for each sensor is constant
0.76 and we conclude that both schemes perform equally well. Except from a scaling factor,
the processed measurements are the same.

The simple implementation of both processing schemes relies mainly on the Python package
scipy and the script is not optimized for computational speed. In an average over 1000
iteration, the time-domain method takes 0.026s to process all 15 magnetic channels. The
frequency-domain processing is around four times faster when performing the same task since
it only takes 0.006s to process the same data set. The reduced processing time might be
important in future implementation of the processing scheme in dynamic measurements.
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Sensor

B[ [nT]

Time-domain ‘ Frequency-domain | Ratio

S0
S1
52
S3
S4

1.62
1.58
1.52
1.41
1.33

1.24
1.21
1.16
1.07
1.01

0.76
0.76
0.77
0.76
0.76

Table 5-1: Processing results of an exemplary measurement with five sensors. The obtained
values can be used for the inversion scheme.

processing results in time-domain and frequency-domain is shown.

Additionally, the ratio between the

August 9, 2019



54 Prototype

August 9, 2019



Chapter 6

Measurement on a field cable

The prototype has been tested on a field cable. Two surveys have been conducted in a
static set up. The first survey tests the CTS performance without the motion sensor and
studies the inversion accuracy relative to offset. The second measurement campaign tests
the implementation including the motion sensor. Involving data from the motion sensor,
measurements in a relative frame can be converted into measurements in global reference
system.

6-1 Cable setup and measuring environment

For testing the prototype, a field cable is installed in a field that has been verified to be little
electromagnetic disturbed in the frequency range of interest from noise measurements. The
object of detection is a thin, unshielded and unburied stranded copper wire of 3 mm diameter.
The cable is laid out in approximately the shape of the letter U of size 100 m x 15m with the
parallel sides being the small sides. The static measurement is conducted at the center of the
long side to reduce the interference effects that come from the side of the U-cable. This setup
approximates a line source. The circuit is closed at the opposite side via a ground connection
between the ends of each of the short cable sections. As electrodes, two steel rods are used.
A square wave signal is applied to the cable. The chosen dominant frequency is 31 Hz and
a voltage of 10V is used. The total resistance of the circuit is measured as 85€) and the
calculated current in the circuit is 0.12 A.

6-1-1 Sensor setup

A vertical sensor array (Array 6) is tested with individual sensor spacing of 0.25m. The
lowest sensor is 0.6 m above the ground. The frame is installed relative to the cable in such
a way that the x-axes of the sensors are parallel to the cable and the z-axes show downward.
The noise level at the site is 0.01 nT which is determined from noise measurements at 31 Hz.
An image of the survey site and setup is shown in Figure 6-1. The typical spectrum of a
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Figure 6-1: Shown is the survey site where the cable tracker prototype is tested for detecting a
laid out field cable.

measurement with active cable is shown in Figure 6-2. The peak at 31 Hz is the dominant
frequency of the injected square wave signal. The odd multiples (93 Hz, 155Hz, ...) of the
dominant frequency are also visible but with much smaller amplitudes. The peaks at 50 Hz
and its odd multiples (150 Hz, 250 Hz, ...) are caused by surrounding power lines as well as
the generator used to power all electronics during the measurement.

6-2 Offset study without motion sensor

For the static measurement campaign, recordings of 20s are taken at incremental horizontal
offsets. Each recording is processed in its entirety using the time domain processing scheme.
The inversion results are shown in Figure 6-3a. The relative errors in reference to the
expected cable position are shown in Figure 6-3b. A relative error for ¢, cannot be given
because the expected value is zero. CTS II can invert the position of the cable for offsets
smaller than 2m with a relative error of below 40 %. For larger offsets, the inversion results
are further off and divert from the expected solution to such a degree as to be unusable.
CTS IIT inverts the cable position with a relative error of less than 20% for an offset of
1 —3m. Beyond 3 meter offset, ¢, can be still inverted with a relative error of less than 20 %.
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Figure 6-2: Shown is an exemplary spectrum of a measurement with active cable.
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However, the relative error of ¢, exceeds 40 %. At 8m offset, the inversion for ¢, is off by
2m from the expected cable position. For offsets smaller than 1 m, the relative error of the
inversion is increasing. CTS I is not tested because in Section 4-1 we show that this system
does not work with a vertical sensor array.

The cable distance relative to the sensor frame is known with an accuracy of approximately
5cm. Cable heading, however, is more difficult to assess in the field. When the sensor axes
are not aligned with the cable heading as expected, a significant systematic error occurs for
finding the true cable position in the reference system of the sensors. An unintended minor
rotation of the sensor frame where the axis of the sensors does not align with the desired
direction may occur especially for larger offsets. The results from Figure 6-3 show how the
CTSs perform in general but cannot be used to state an exact accuracy of the systems.
Data from a motion sensor will be required for an improved measuring setup. This will be
discussed in more detail in the next section.

CTS 1II looses accuracy for offsets larger than 2m. This behaviour is analyzed by comparing
the inverted current and the inverted distance. The inverted current I, the inverted distance
¢, and the ratio I/c, as well as the expected values are plotted in Figure A-22 of Appendix
A-3. The expected current is derived from the circuit resistivity and the input voltage. The
inverted current and the distance are deviating from the expected values with increasing
offsets. However, the inverted ratio I/c, is close to the expected ratio. We conclude,
therefore, that CTS II is inverting for the ratio of the current and the distance rather than
current and distance separately. When we add the known current to CTS II and recompute
the results, the system is named CTS II/. The inversion is closer to the inversion results
from CTS III as shown in Figure A-23 of Appendix A-3.

6-3 Sensor array orientation study with motion sensor

The results of the initial field test reveal that it is difficult to accurately determine the true
orientation and position of the test cable relative to the cable tracker array. A motion sensor
is added to the magnetic field measurement for detecting the orientation of the sensor array
relative to North, East and gravity. The heading of the cable is measured in the same global
coordinate system with the motion sensor before starting the survey. This makes it possible
to correct for misalignment between the arrays’ actual and expected orientation.

In this measurement campaign, measurements of 20s are recorded for different rotations
of the sensor array around the z-axis at an offset of 2m to the cable. The array’s bottom
sensor is 0.6 m above the ground. At a rotation angle of 0°, the x-axis of the sensor is parallel
to the cable and the y-axis is perpendicular. For each recording, the array is rotated by
approximately 45°. A single recording is processed all together without windowing. The
inversions are carried out excluding and including the motion sensor data. The results are
shown in Figure 6-4. When the data from the motion sensor is not used (CTS II and CTS
III), the relative position of the cable to the sensor is changing relative to the rotation of
the array. This has an effect on ¢, and ¢,. The effect on c, is small since the sensor array
is only rotated around the z-axis which shows roughly parallel to gravity. When the motion
sensor data is applied to the cable tracker systems, denoted as CTS II"™ and CTS III", the
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Figure 6-3: Shown are the inversion results with CTS Il and CTS Ill in a field experiment on a

field cable.
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Figure 6-4: Different relative orientations of the sensor array to the field cable are studied. CTS
Il and CTS Ill show the relative inversion results without including the data from a
motion sensor. CTS II™ and CTS II™ include this information.

inverted cable position can be given in a global reference system which is independent of the
orientation of the sensor array.

When the survey was carried out, we encountered difficulties with the motion sensor. Cal-
ibrating the BNOO055 requires a certain motion scheme of the sensor which is carried out
before a measurement. Feedback is given when the system is calibrated. Unfortunately, dur-
ing many recordings an initially calibrated sensor switched its status to non-calibrated. The
data set which is presented in this section, however, did not encounter calibration problems
when recorded.
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Chapter 7

Conclusion

Submarine power cables are an important part of modern-day electrical infrastructure. After
installation, their position on or in the seabed is usually known with low accuracy only.
Additionally, sedimentary and tidal movements, and external influences can shift the cable
during its lifespan. The power cable position needs to be accurately known to assure quick
repair times in case of failure. Submarine cables are usually buried in the seabed to protect it
from external damage, especially in low water depths. The cable depth needs to be determined
to detect if a cable runs the risk of becoming exposed, which may need counter-measures such
as reburial or rock dumping, to prevent damage once exposed. Cable tracking systems are
required for detecting the position of submarine power cables. Different devices are available
on the commercial market for this task. All systems known to the author, however, are limited
in terms of positioning accuracy and detection range. This report presents novel algorithms
for detecting and inverting the passive electromagnetic field created by an injected signal in
the cable allowing the location of the object to be determined.

7-1 Algorithms

Three methods are developed for finding the cable position from magnetic data. CTS I is a
model-based approach which inverts for a static line source in Cartesian coordinates.

CTS 1II finds the orientation of the cable first. Using coordinate transformations and by
taking advantage of the symmetry of the created magnetic field, the initial 3D problem can
be reduced to a 2D problem. With a model based inversion assuming a static line source,
the cable position is found. Inverse transformation gives the solution in the initial coordinate
system.

CTS III relies on a similar coordinate transformation as CTS II and the problem is also
reduced to 2D. In CTS III, the cable position is determined by finding the intersection of
multiple vectors in a least-square manner.
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7-2 Evaluating the algorithms

CTS I-III has been evaluated for different sensor array configurations on synthetic data
where the array is placed in homogeneous sea water that contains noise. Each algorithm
has sets of circumstances and configurations in which it performs better or worse than
the other systems. Where CTS II and III are less influenced by sensor array type, CTS I
requires special sensor arrays which extend in all three directions. These types of arrays
are not suitable for many survey setups where streamlining and a compact layout of the
sensors is a condition. CTS II and III can be used with vertical and horizontal sensor arrays
which makes them easy to implement on underwater vehicles or rigidly mounted on a survey
vessel. However, the sensitivity with respect to the vertical and horizontal offset to the cable
depends on the array and CTS algorithm used.

All three CTS algorithms can be used on dipped cables (or on a tilted sensor frame) as long
as the dip angle does not exceed 40°. Increasing the separation between the sensors does
not increase the inversion result after a threshold of 0.4 m is passed. Signal (tone) frequency
does not influence CTS III, while CTS I and II loose accuracy for frequencies larger than
40 Hz. The sea surface and the sea bottom have an impact on the inversion accuracy. CTS
II and III are especially influenced by this because they rely on Bz, By and Bz which are
changing independently. The absolute error caused by the layered earth can exceed 1 m. The
current of the signal in the cable is usually either unknown or known only approximately.
When the current is known, CTS I and especially CTS II improve. CTS III is independent
of this added information since it does not used the current as a parameter in its inversion.

From the theoretical performance tests, we conclude that CTS I works superior over CTS II
and III. CTS I can detect the cable position at a distance of 6 m with a standard deviation
of 1m in noise disturbed sea water. However, it is limited by the sensor array. CTS III
works for almost any sensor array and has a practical sensing range of 5m. The object of
this project, developing a submarine power cables tracker system with sensing range of 5m
with a standard deviation of less than 1m, is, therefore, achieved on synthetic data with
noise, modeled in sea water. When adding the influence of the sea surface and sea bottom in
synthetic analysis, the systems might exceed the required limits.

A prototype has been developed which consists of five three-axis fluxgate magnetometers
and a motion sensor. CTS II and III have been tested on a field cable with a vertical sensor
array. The results show that, using the given equipment, the cable position can be found.
With the aid of a motion sensor, the inverted position can be transformed from a local into a
global reference system. The survey design, which has been used, is not sophisticated enough
to give a reliable estimation of the accuracy of the prototype.

7-3 Recommendations for future research

Further studies need to be conducted for finalizing a system. First, the influence of soil and
sea surface needs to be examined in more depth. In order to arrive at a practically applicable
tool, more extensive field testing will also need to be carried out. This includes measurements
on land (where different sensor arrays and relative positions to the cable can be easily tested)
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and offshore trials. A positioning system needs to be included which does not only measure the
relative orientation of the sensor frame but also the global position. For land measurements,
the combination of a motion sensor with a Global Positioning System (GPS) is recommended.
This will give high-accuracy (in the order of several cm) positions for both cable and sensor
array against which the inversion outcomes can be compared. For offshore measurements, an
additional USBL system is required which gives the relative position of the sensor frame to the
vessel. The low accuracy of USBL systems (0.2-1m) will make drawing accurate conclusions
from such measurements difficult, so it is imperative that model behaviour can be predicted
as accurately as possible before sea trials.

Currently, the system has been used only in performing static measurements. Real time
processing needs to be included for finding the position of the cable during actual survey
works. This is a vital step to take in developing a functional tool as it allows the skipper
of the survey vessel to follow the cable during measurements, assuring that the sensors stay
in detection range during the survey works. Finally, a graphical user interface needs to be
developed which is helpful for improved field measurements and to give a quick overview of
system performance, ambient noise and solution accuracy during field measurements.
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Appendix A

A-1 Convergence and array studies

A-1-1 Cable tracker system |

Figures

|

Estimate (cg, ¢y, ¢z, 1)

‘ cr ‘ Occurrence % ‘

(-0.40, 2.94, 1.95, 0.098) | 3.55 43

Array 1 | (0.40, 2.94, 1.95, 0.098) | 3.55 43

(0.00, 2.98, 1.95, 0.099) | 3.56 14

Avray 2| (002 297, 1.97,0.099) | 356 96
(-0.07, 0.03, 0.01, 0.008) | 0.08 4

(0.33, 2.95, 1.97, 0.098) | 3.56 36

Array 3 | (4+0.33, 2.95, 1.97, 0.098) | 3.56 36
(0.00, 2.98, 1.98, 0.099) | 3.58 28

Avray 4 | (000,296, 197, 0.098) | 356 96
(-0.12, 0.03, 0.02, 0.009) | 0.12 4

*2.93, %, 0.008 * 97
Array 5 E* 4.32, %, 0.119% * 3

Array 6 (*, *, 1.98, 0.099) % 100

Table A-1: Results of convergence and array study for CTS | and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star.
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72 Figures

’ ‘ Estimate ‘ Occurrence % ‘
Array 1 | (0.00, 2.99, 2.99, 0.12) 100
Avray 2 | (201 217,191, 0.097) 98

(-0.06, 0.02, 0.01, 0.008) 2
(-1.51, 2.78, 2.63, 0.114) 34
Array 3 | (1.51, 2.78, 2.63, 0.114) 34
(0.00, 3.22, 3.04, 0.122) 32
1.99, 2.15, 1.91, 0.097 98

Array 4 50.12, 0.02, 0.02, 0.001§ 2
Array 5 (*, 4.14, *, 0.319) 100
Array 6 (¥, %, 1.98, 0.099) 100

Table A-2: Results of convergence and array study for CTS | and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star.

’ ‘ Estimate ‘ Occurrence % ‘
Array 1 (*, 0.00, 5.42, 0.15) 100
Avray 2 | (301 000,204, 0.101) 97

(0.05, 0.00, 0.001, 0.01) 3
Array 3 (¥, 0.00, *, 0.18) 100
Avray 4 | (3:00. 0.00, 204, 0.100) 97

(0.09, 0.00, 0.02, 0.011) 3
Array 5 (F,6,6.%%) 100
Array 6 | (%, % 1.98, 0.099) 100

Table A-3: Results of convergence and array study for CTS | and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star.

’ ‘ Estimate ‘ Occurrence % ‘
Array 1 | (0.00, 0.00, 3.46, 0.098) 100
Array 2 | (0.00, 0.01, 3.56, 0.099) 100
Array 3 | (0.00, 0.00, 3.56, 0.098) 100
Array 4 | (003, 012,355, 0.098) 08

(0.00, 0.00, 0.04, 0.011) 2
Array 5 (*, 0.00, *, 0.14) 100

Array 6 (*, *, 3.485, 0.098) 100

Table A-4: Results of convergence and array study for CTS | and cable setup C4. Inversion
parameters which cannot be consistently found are market with a star.
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A-1 Convergence and array studies

73

A-1-2 Cable tracker system Il

’ ‘ Estimate ‘ Occurrence % ‘

(0.00, 2.98, 1.98, 0.099) 89

Array 116 e 0.001) 11
Aeran 9 | (O 00, 2.97, 1.98, 0.099) 89
Y1 (0, 0.19, 0.12, 0.000) 11
Avraw 3 | (0-00, 2,97, 1.98, 0.008) 89
Y21 (0, 0.26, 0.18, 0.000) 11
(0.00, 2.97, 1.98, 0.099) 89

Array 410 0.6, 0.18, 0.000) 11
Aeraw 5 | (0-00, 2,97, 1.98, 0.099) 89
Y21 (0, 0.26, 0.18, 0.000) 11
(0.00, 2.97, 1.98, 0.099) 89

Array 610,29, 0.2, 0.000) 11

Table A-5: Results of convergence and array study for CTS Il and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star.

’ ‘ Estimate ‘ Occurrence % ‘
Array 1 Ez’l*l, *2101(,]0105)98, 0.099) ?‘i
Array 2 | (210- 210, 1.98,0.099) 89

(0.16, 0.16, 0.15, 0.000) 11
Array 3 (2.10, 2.10, 1.99, 0.099) 89
(0.22, 0.22, 0.01, 0.003) 11
Array 4 | (210- 210,199, 0.099) 89
(0.22, 0.22, 0.01, 0.003) 11
Array 5 (2.10, 2.10, 1.98, 0.099) 89
(0.15, 0.15, 0.14, 0.000) 11
2.10, 2.10, 1.98, 0.09 89
Array 6 Eo 21, 0.21, 0.20, 0. 001§ 11

Table A-6: Results of convergence and array study for CTS Il and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star.
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Figures

Estimate

‘ Occurrence % ‘

Array 1

2.97, 0.00, 1.98, 0.099
0.38, 0.00, 0.19, 0.011

89
11

Array 2

2.97, 0.00, 1.98, 0.099
0.08, 0.00, 0.24, 0.000

89
11

Array 3

0.19, 0.00, 0.12, 0.000

89
11

Array 4

2.97, 0.00, 1.98, 0.099

( )
( )
( )
( )
(2.97, 0.00, 1.98, 0.099)
( )
( )
(0.32, 0.00, 0.00, 0.000)

89
11

Array 5

(*7 *7 *7 *)

100

Array 6

(2.97, 0.00, 1.98, 0.099)
(0.29, 0.00, 0.20, 0.001)

89
11

Table A-7: Results of convergence and array study for CTS Il and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star.

Estimate

‘ Occurrence % ‘

Array 1

0.00, 0.00, 0.00, 0.011

100

Array 2

0.05, 0.05, 3.56, 0.099
0.03, 0.03, 0.01, 0.000

89
11

Array 3

0.00, 0.00, 0.00, 0.000

89
11

Array 4

2.97, 0.00, 1.98, 0.099

( )
( )
( )
(0.10, 0.10, 3.56, 0.099)
( )
( )
(0.32, 0.00, 0.00, 0.000)

89
11

Array 5

(0, 0,0, 0)

100

Array 6

(0.00, 0.00, 3.57, 0.099)
(0.00, 0.00, 0.01, 0.000)

89
11

Table A-8: Results of convergence and array study for CTS |l and cable setup C4.
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75

A-1-3 Cable tracker system llI

’ ‘ Estimate ‘
Array 1 | (0.00,3.00,2.00,*)
Array 2 | (0.00,3.00,2.00,%)
Array 3 | (0.00,3.00,2.00,%)
Array 4 | (0.00,3.00,2.00,%)
Array 5 | (0.00,3.00,2.00,%)
Array 6 | (0.00,3.00,2.00,%)

Table A-9: Results of convergence and array study for CTS Il and cable setup C1. Inversion
parameters which cannot be consistently found are market with a star.

’ ‘ Estimate ‘
Array 1 | (2.12,2.12,2.00,*
Array 2 | (2.12,2.12,2.00,*
Array 3 | (2.12,2.12,2.00,*

2.12,2.12,2.00,*
2.12,2.12,2.00,*

Array 5

~— | | — | [

(
(
(
Array 4 | (2.12,2.12,2.00,
(
(

Array 6

Table A-10: Results of convergence and array study for CTS Il and cable setup C2. Inversion
parameters which cannot be consistently found are market with a star.

‘ Estimate ‘
Array 1 | (3.00,0.00,2.00,%)
Array 2 | (3.00,0.00,2.00,%)
Array 3 | (3.00,0.00,2.00,%)
Array 4 | (3.00,0.00,2.00,%)
Array 5 | (0.00,0.00,0.00,*)

Array 6 | ((3.00,0.00,2.00,%)

Table A-11: Results of convergence and array study for CTS Ill and cable setup C3. Inversion
parameters which cannot be consistently found are market with a star.
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Array 2
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Array 3
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Array 4
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Array 5
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Array 6

PRy Py PRy Py Py ey
~— | [ [ [ | —

0.00,0.00,0.00,

Table A-12: Results of convergence and array study for CTS Ill and cable setup C4. Inversion
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A-2-1 The artificial marine environment

Cyx true

p=0.0013m
= 5=0.2426m

1.6-

1.4-

1.2-

1.0-

0.8 -

0.6 -

0.4-

0.2 -

0.0-= =/ 0 0 0 0 0 T !
-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

Cy inverted [m]

c, true

fr— M=1.9904m
0=0.2784m

1.4-
1.2-
1.0-
0.8 -
0.6 -
0.4-
0.2 -

0.0~ i i i i i 0 0 !
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

C, inverted [m]

Figure A-1: Inversion results of cable setup C1 in sea water with noise for CTS | and Array 2.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
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the standard deviation ¢ and mean p are shown.
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Figure A-2:
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Inversion results of cable setup C1 in sea water with noise for CTS | and Array 4.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation ¢ and mean p are shown.
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Figure A-3: Inversion results of cable setup C1 in sea water with noise for CTS Il and Array 5.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation ¢ and mean p are shown.
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Figure A-4: Inversion results of cable setup C1 in sea water with noise for CTS Il and Array 6.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation ¢ and mean p are shown.
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Figure A-5: Inversion results of cable setup C1 in sea water with noise for CTS IIl and Array 5.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
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the standard deviation ¢ and mean p are shown.
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Figure A-6: Inversion results of cable setup C1 in sea water with noise for CTS IIl and Array 6.
For a statistical representation, 3000 iterations are executed. Besides the histogram,
the standard deviation ¢ and mean p are shown.
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A-2-2 Distance study
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Figure A-7: Distance study of CTS | and Array 2 with azimuth angle between sensor frame and
cable of 22.5°. The model domain consists of sea water and noise.
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Figure A-8: Distance study of CTS | and Array 2 with azimuth angle between sensor frame and
cable of 45°. The model domain consists of sea water and noise.

August 9, 2019



84 Figures

Mean ¢, Mean ¢, Mean ¢, -3.0

®

|
7 7- -255
Es6 E 6
= o -2.02
85 2 5- E
£ £ =
o, S, 15 £
T b 3
Y, 9 5 |
5 5 102
2 > 2-
1 1 - 0.5
2 4 6 8 2 6 2 4 6 8 0o
Horizontal Offset [m] Horizontal Offset [m] Horizontal Offset [m]
Std ¢x Std ¢, Std ¢, 2.00
8 8- 8
7 7 u 175
Ee Ee- £ -1.50
s 351 ] -1.25
§ § § 3
4 O a- © 100 E
S S S ®
£3 £ 37 k= -0.75
2 2 2
2 2] - 0.50
1 14
i i " " v i - 0.25
8 8 2 4 6 8
Horizontal Offset [m] Horizontal Offset [m] Horizontal Offset [m] -0.00

Figure A-9: Distance study of CTS | and Array 2 with azimuth angle between sensor frame and
cable of 66.5°. The model domain consists of sea water and noise.
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Figure A-10: Distance study of CTS | and Array 4 with azimuth angle between sensor frame
and cable of 22.5°. The model domain consists of sea water and noise.
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Figure A-11: Distance study of CTS | and Array 4 with azimuth angle between sensor frame
and cable of 45°. The model domain consists of sea water and noise.
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Figure A-12: Distance study of CTS | and Array 4 with azimuth angle between sensor frame
and cable of 66.5°. The model domain consists of sea water and noise.
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Figure A-13: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 22.5°. The model domain consists of sea water and noise.
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Figure A-14: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 45°. The model domain consists of sea water and noise.
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Figure A-15: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 66.5°. The model domain consists of sea water and noise.
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Figure A-16: Distance study of CTS Il and Array 6. The model domain consists of sea water

and noise.
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Figure A-17: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 22.5°. The model domain consists of sea water and noise.
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Figure A-18: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 45°. The model domain consists of sea water and noise.
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Figure A-19: Distance study of CTS Il and Array 5 with azimuth angle between sensor frame
and cable of 66.5°. The model domain consists of sea water and noise.
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Figure A-20: Distance study of CTS Il and Array 6. The model domain consists of sea water
and noise.
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A-2-3 Influence of tone frequency
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Figure A-21: Frequency dependency of the skin depth ¢ for sea water (p,, = 0.3 Qm) and seabed
soil ps = 1Qm.
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Figure A-22: The inverted and expected current I and distance ¢, relative to offset are shown
in this figure. Additionally, the inverted and expected ratio of both quantities is

displayed.
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calculated.

Figure A-23: The inversion results are shown for CTS II, CTS! and CTS 1l in a field experiment
on a field wire.
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Figure A-24: The inverted and expected distance ¢, relative to offset for CTS Il, CTS and CTS
[11 are shown.
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