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Abstract

Magnetic navigation is a promising alternative for Autonomous Underwater Ve-
hicles (auvs), as they cannot rely on Global Navigation Satellite Systems under-
water and commonly use Doppler Velocity Logs for navigation, whose acoustic
emissions may be detectable during covert operations. One of the main chal-
lenges of magnetic navigation is the corruption of magnetic measurements by
disturbances originating from the platform.

This thesis investigates whether map-less magnetic compensation using a mag-
netometer array is feasible for an auv operating in regions with large magnetic
anomalies, and whether reliable speed estimation can be achieved from the com-
pensated magnetic measurements. The study evaluates the traditional aeromag-
netic Tolles-Lawson (tl) compensation model and an extended model incorpo-
rating measurements from onboard electronics (obe). A linear magnetic speed-
estimation method is also investigated. The methods were evaluated using data
collected as part of the Vinnova ENOK project during sea trials outside Askö in
the summer of 2025. The dataset includes measurements from a three-sensor
magnetometer array mounted on the auv.

The results show that a significant portion of the platform-induced magnetic dis-
turbances can be compensated and that the inclusion of obe measurements fur-
ther improves the compensation performance. However, compensation remains
challenging during certain diving maneuvers, likely due to changes in the plat-
form’s magnetic signature caused by thruster activation. No reliable speed es-
timates could be achieved using the compensated magnetometer measurements
and the investigated linear estimation method.
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1
Introduction

This master’s thesis was conducted in collaboration with Linköping University
and Saab Naval. The thesis utilizes datasets collected as a part of a project called
Electromagnetic navigation of small unmanned underwater vehicles (Elektromag-
netisk navigering för mindre obemannade undervattensfarkoster, ENOK), where the
project partners were the Royal Institute of Technology (KTH), Saab, SAL Naviga-
tion AB, and Liweat AB. The project was supported in part by Vinnova (Sweden’s
Innovation Agency) and the Swedish Armed Forces within the Civilian-Military
innovation program (Civil-Militärt Innovationsprogram). This chapter introduces
the research problem, situates it within a broader context of related work, and
outlines the structure of the thesis.

1.1 Background

Underwater vehicles cannot rely on the Global Navigation Satellite System (gnss)
for navigation, due to signal attenuation in water. Inertial navigation systems
(ins) are therefore commonly used. However, they suffer from cumulative error
over time, commonly referred to as drift. To mitigate this, ins are typically aided
by Doppler Velocity Logs (dvl), which provide velocity measurements to reduce
drift and can also be used for terrain-referenced navigation based on seabed to-
pography, enabling absolute positioning [1]. However, dvls are active sensors
that utilize acoustic emissions, which limits their operational viability for covert
operations, as these emissions can reveal the platform’s presence to adversaries
[1]. In addition, dvl require the platform to operate within a limited range of the
seabed and are relatively expensive instruments [1].

A promising alternative is to utilize spatial variations in the Earth’s magnetic
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2 1 Introduction

field for navigation. The potential use of spatial variations in the magnetic field
to aid underwater navigation was proposed as early as 1987 for submarines [2].
Recent studies have demonstrated promising results for indoor positioning using
magnetometer array signal processing [3]. Magnetic navigation has in addition
demonstrated performance exceeding strategic-grade ins in airborne and ground-
based field trials [4].

However, one of the main practical challenges in magnetic navigation is the cor-
ruption of magnetic measurements caused by disturbances induced by the plat-
form. A significant body of prior research has focused on compensating for
magnetic disturbances originating from the platform, particularly in airborne
applications, known as aeromagnetic compensation. The standard compensa-
tion technique for airborne applications was developed in the 1940s by Tolles
and Lawson during the Second World War for magnetic anomaly detection [5].
The Tolles–Lawson (tl) method linearly models the permanent magnetization,
induced magnetization, and eddy-current effects present in the platform.

The calibration of compensation methods requires isolating the platform-
induced magnetic disturbance from the total measured field. Calibration
methods can be divided into map-based and map-less approaches. Map-based
methods rely on high-quality magnetic maps, which are often not readily avail-
able in many environments [6]. Map-less methods, in contrast, do not require
a pre-existing magnetic map. A common approach uses dedicated maneuvers
to shift the platform-induced disturbance into a known frequency band, which
is then isolated by band-pass filtering [7]. In regions with low geomagnetic
gradients, the Earth’s field varies little across the measurement, so the platform-
induced disturbance can be obtained directly from magnetometer measurements.
A separate sensor, such as a reference magnetometer mounted away from the
platform, provides a further option by measuring the Earth’s field largely free of
platform-induced disturbance.

Several extensions of the tl method have been proposed to account for addi-
tional disturbance sources. In [6], an extended Kalman filter is used on an F-16
aircraft to estimate the tl coefficients, time-varying magnetic disturbances, and
less predictable disturbance components. Magnetometer-array-based compensa-
tion, based on coherent suppression between multiple magnetometers, has also
been investigated [8]. For underwater platforms, a compensation approach that
incorporates velocity into the tl method has been proposed [9]. Beyond the tl
methods, neural network-based techniques have been explored [10], as well as
physics-based machine learning methods building on the tlmodel and its exten-
sions [11].

This thesis explores magnetic compensation for auvs based on map-less calibra-
tion using magnetometer arrays in regions with significant magnetic anomalies.
The work investigates compensation of platform-induced magnetic disturbances
and the influence of onboard electronics on the magnetic measurements. In ad-
dition, the thesis investigates the viability of using compensated magnetometer
array measurements for speed estimation. The overall goal is to evaluate the ap-
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plicability and limitations of magnetometer array-based compensation and speed
estimation for underwater vehicles.

1.2 Research Questions

The following research questions are addressed in this thesis:

• RQ1: Mapless Compensation in Magnetic Anomalies
Is mapless magnetic compensation using magnetometer arrays in regions
with large magnetic anomalies possible?

• RQ2: Compensation of Disturbances from Onboard Electronics
To what extent can magnetic interference generated by onboard electronics
be mitigated?

• RQ3: Speed Estimation Using Compensated Magnetometer Vectors
Can compensated magnetometer vectors be used to estimate the platform’s
speed?

1.3 Delimitations

The evaluations performed on the methods used in this thesis are restricted to
datasets collected within the Vinnova ENOK project at Askö. The scope of the
study is therefore restricted to experimental data obtained from field trials and
the hardware configuration employed in the experiments.

1.4 Thesis Outline

Chapter 1 introduces the research problem and discusses its relevance and impor-
tance within the broader context. Chapter 2 presents the theoretical background
and concepts necessary to understand the thesis. Chapter 3 presents the pro-
posed solution to the research problem and the methods used for the solution.
Chapter 4 presents the results and their analysis, highlighting the different ef-
fects and aspects that the proposed solution had on the results. Finally, Chapter 5
concludes the thesis by directly addressing the research questions.





2
Theoretical Background

This chapter first presents the mathematical background of ridge regression,
which addresses the multicollinearity commonly encountered in parameter
estimation for magnetic compensation models. It then describes the Earth’s mag-
netic field and how its contributing components generate and characterize the
field. The chapter further provides a description of platform-induced magnetic
disturbances, along with external disturbances that may affect magnetic mea-
surements. The chapter also introduces two types of magnetic measurements,
vector and scalar, which are used for magnetic-platform-noise compensation.

A linear model of the magnetic measurements is presented, and a linear approx-
imation of scalar measurements in relation to the Earth’s magnetic field and
platform-induced disturbances is derived.

In the 1940s, Tolles and Lawson developed a linear aeromagnetic compensation
method that later became the standard compensation technique. This chapter de-
scribes the Tolles–Lawson method together with two model extensions designed
to improve performance and account for additional sources of magnetic interfer-
ence.

Finally, the evaluation metrics used to assess the results are presented.

2.1 Ridge Regression

Least-squares estimation is based on estimating unknown model parameters by
minimizing the Euclidean distance between the measurements and the model.
For the linear model Y = Xβ + e, where e denotes a stochastic noise vector, the
estimate of unknown parameters, β̂, is obtained by solving

5



6 2 Theoretical Background

β̂ = arg min
β
∥Y − Xβ∥22 =

(
XTX

)−1
XTY. (2.1)

When estimating parameters using least squares, the accuracy of the estimate
may be degraded if the columns of X are highly correlated. This situation is called
multicollinearity and leads to an ill-conditioned estimation problem. Ridge re-
gression extends ordinary least squares by introducing a regularization term λ to
mitigate multicollinearity and reduce overfitting [12]. The estimate using ridge
regression for the linear model is given by

β̂λ = arg min
β
∥Y − Xβ∥22 + λ∥β∥22 =

(
XTX + λI

)−1
XTY. (2.2)

The selection of an appropriate value of λ can be performed using methods such
as L-curve analysis or cross-validation.

2.2 Earth’s Magnetic Field

The Earth’s magnetic field is a superposition of several magnetic fields originat-
ing from different sources, with varying timescales and spatial variations. It is
commonly described as consisting of three main fields: the core field, the crustal
field, and the diurnal field.

The core field is the dominant component of the Earth’s magnetic field, with a
magnitude of approximately 20, 000 − 70, 000 nT. The field originates from elec-
tric currents generated by the motion of conductive fluids in the Earth’s outer
core. The core field is relatively stable and changes over timescales ranging from
months to millions of years. The core field can be represented using global mod-
els such as the International Geomagnetic Reference Field (IGRF) [13].

The crustal field arises from induced and permanent magnetization of rocks in
the Earth’s lithosphere. It exhibits spatial variations over scales ranging from
meters to hundreds of kilometers. Its magnitude typically ranges from tens to
hundreds of nT and accounts for approximately 1–5% of the total field near the
Earth’s surface, depending on altitude [7]. The spatial variations of the crustal
field can be exploited for navigation through magnetic anomalies, defined as the
deviation between the observed magnetic field and the IGRF model. Local con-
centrations of ferromagnetic materials, as well as man-made structures such as
pipelines, can produce significant magnetic anomalies.

In addition to magnetic fields generated within the Earth, external magnetic
fields arise from electric currents in the ionosphere and magnetosphere and con-
tribute to the Earth’s magnetic field. These fields result in large temporal vari-
ations and exhibit a wide range of amplitudes and frequencies, occurring on
timescales from seconds to days. A recurring component of these variations is
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the diurnal magnetic field, which is caused by electric currents in the magneto-
sphere and ionosphere driven by interactions between solar radiation and the
Earth’s upper atmosphere. These currents are primarily induced by solar heating,
resulting in periodic variations with an approximately 24-hour cycle [7]. The
terms diurnal variations and temporal variations are often used interchangeably.

2.3 Magnetic Disturbances

Magnetic measurements obtained in the vicinity of platforms such as auvs,
drones, and aircraft are affected by a variety of magnetic disturbances originat-
ing from multiple onboard sources. For airborne applications, these disturbances
are commonly modeled using the tl model, which models magnetic fields from
permanent magnetization, induced magnetization, and eddy currents.

The permanent magnetic field arises from the permanent magnetization of fer-
romagnetic materials present on the platform. The distortions caused by these
fields are relatively constant and appear as a constant bias in the magnetic mea-
surements [14].

The induced magnetic field arises when ferromagnetic materials on the platform
are exposed to the Earth’s magnetic field, producing an induced secondary mag-
netic field aligned with the Earth’s magnetic field. These materials generate a
magnetic response proportional to the applied field, and the resulting induced
field depends on the orientation of the platform.

The eddy current magnetic field arises when the platform is exposed to changes
in the magnetic field by maneuvering through Earth’s magnetic field. These time-
varying changes relative to the platform induce eddy currents within its conduc-
tive materials [14]. The induced currents, in turn, generate magnetic fields that
oppose the change, in accordance with Lenz’s law.

In addition to the platform disturbances described by the tl model, there exist
temporal magnetic effects arising from onboard systems. These include engines
with revolutions per minute (rpm) dependencies, electrical currents within the
platform that generate magnetic fields according to the Biot–Savart law, light-
ing systems, communication systems, and other electronic equipment [6]. For
platforms in contact with water, additional disturbances may arise from galvanic
corrosion currents, which are generated by natural voltage differences between
dissimilar metals in contact with seawater. These currents can create magnetic
fields that distort magnetometer measurements.

In addition to platform-induced effects, magnetic measurements may also be af-
fected by external environmental disturbances. These include electromagnetic
signals originating from railway systems and power lines, as well as magnetic
fields generated by electric currents induced by the movement of salt water.
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2.4 Magnetometer Measurements

Several types of magnetic instruments exist for navigation purposes, of which
scalar and vector magnetometers are the most relevant to this work. Each exhibits
distinct strengths and limitations, which together enable high-accuracy magnetic
measurements.

Vector magnetometers directly measure the total magnetic field vector, which can
be expressed as

B⃗vec = B⃗t + e⃗, (2.3)

where B⃗vec is the measured magnetic field vector, B⃗t is the true magnetic field,
and e⃗ represents measurement noise. In general, vector magnetometers used in
airborne applications (such as fluxgates) exhibit absolute errors on the order of
±100 nT or worse, which makes them unsuitable as the primary magnetic mea-
surement for navigation [14]. They are instead used in aeromagnetic compensa-
tion to provide estimates of the Earth’s magnetic field direction for compensating
orientation-dependent platform-induced disturbances [15].

Scalar magnetometers measure the magnitude of the total magnetic field, which
in practice can be expressed as

Bscalar = |B⃗t | + e, (2.4)

where Bscalar is the measured magnetic field magnitude and e represents measure-
ment noise. Generally, scalar magnetometers (such as optically pumped atomic
sensors) achieve high accuracy, on the order of a few nT or better, with sensitivi-
ties in the pT range [14]. Scalar magnetometers are therefore commonly used in
navigation due to their accuracy and because most magnetic maps are based on
scalar measurements. Quantum scalar magnetometers also suffer from inherent
heading errors arising from the non-uniform permeability of the sensor materials
[14].

2.5 Magnetic Field Model

The magnetic field at a fixed point in the vicinity of a platform can be described
as

B⃗t = B⃗e + B⃗p, (2.5)

where B⃗t,e,p ∈ R3 represent the total field, the Earth’s field, and the platform field,
respectively. The sum of the core, crustal, and diurnal fields is referred to as the
Earth’s magnetic field, B⃗e [7].

For navigation, the magnitude of the Earth’s magnetic field, |B⃗e |, is commonly
used and can be described as
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|B⃗e | =
√

(B⃗t − B⃗p)⊤(B⃗t − B⃗p) (2.6)

=
√
B⃗⊤t B⃗t − 2B⃗⊤p B⃗t + B⃗⊤p B⃗p (2.7)

=
√
|B⃗t |2 − 2B⃗⊤p B⃗t + |B⃗p |2 (2.8)

= |B⃗t |

√√
1 − 2

B⃗⊤p B⃗t

|B⃗t |2
+
|B⃗p |2

|B⃗t |2
. (2.9)

To get a linear relationship for the platform magnetic field used in magnetic com-
pensation, a first-order approximation is applied. Assuming that the platform

field is small compared to the total field allows the quadratic term,
|B⃗p |2

|B⃗t |2
, to be

neglected, resulting in

|B⃗e | ≈ |B⃗t |

√
1 − 2

B⃗⊤p B⃗t

|B⃗t |2
. (2.10)

The first-order approximation of the Taylor series

√
1 + x = 1 +

x
2
− x2

8
+ · · · (2.11)

is then used to linearize the expression, yielding

|B⃗e | ≈ |B⃗t | −
B⃗⊤p B⃗t

|B⃗t |
. (2.12)

Introducing the unit vector in the direction of the total field,

B̂t =
B⃗t

|B⃗t |
, (2.13)

whose components are referred to as the direction cosines, the expression can be
written as

|B⃗e | ≈ |B⃗t | − B⃗⊤p B̂t . (2.14)

The resulting relation can be described as the magnitude of the total field being
influenced by the projection of the platform field onto the direction of the total
field [15].
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2.6 Tolles-Lawson Compensation

The Tolles–Lawson model represents the platform magnetic field as the sum of
three components

B⃗p = B⃗perm + B⃗ind + B⃗eddy , (2.15)

where B⃗perm, B⃗ind , and B⃗eddy denote the permanent, induced, and eddy-current
magnetic field, respectively [15]. The tlmodel further assumes that the platform-
induced magnetic field can be described linearly with 18 coefficients, expressed
as

B⃗p = a + bB⃗t + c ˙⃗
Bt (2.16)

where a, bB⃗t , and c ˙⃗
Bt correspond to B⃗perm, B⃗ind , and B⃗eddy , respectively, with the

model parameters defined as

a =

β1
β2
β3

 , b =

β4 β5 β6
β5 β7 β8
β6 β8 β9

 , c =

β10 β11 β12
β13 β14 β15
β16 β17 β18

 . (2.17)

By inserting the tlmodel for the platform magnetic field in (2.16) into (2.14), the
magnitude of the Earth’s magnetic field can be expressed as

|B⃗e | ≈ |B⃗t | −
(
a + b B⃗t + c ˙⃗

Bt

)⊤
B̂t (2.18)

Using

B⃗t = |B⃗t | B̂t ,
˙⃗
Bt = | ˙⃗Bt | ˆ̇Bt ,

the projected platform disturbance can be written as

B⃗ T
p B̂t =

(
a + bB⃗t + c ˙⃗

Bt

)⊤
B̂t

=
(
a + |B⃗t |bB̂t + | ˙⃗Bt | c ˆ̇Bt

)⊤
B̂t .

(2.19)

Substituting (2.17) into (2.19) yields the fully expressed compensation model

|B⃗e | ≈ |B⃗t |−
B̂⊤t

β1
β2
β3

+ |B⃗t | B̂⊤t

β4 β5 β6
· β7 β8
· · β9

 B̂t+ | ˙⃗Bt | B̂⊤t

β10 β11 β12
β13 β14 β15
β16 β17 β18

 ˆ̇Bt

 (2.20)

The expression in (2.20) can be rearranged into a linear form

y = B⃗⊤p B̂t = |B⃗t | − |B⃗e | = Aβ, (2.21)

where β is the vector of tl parameters and y is the projected platform-induced
disturbance, obtained as the difference between the total measured field and the
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Earth’s magnetic field. The regression matrix A is constructed by stacking the
feature vectors over N time steps,

A =


δ1
...

δN

 , (2.22)

with y containing the corresponding scalar platform disturbance measurements
over the same N time steps.

The feature vector at time step n is given by the direction cosine terms of the total
magnetic field,

δn =
[
B̂T
t vec

(
|B⃗t | triu(B̂tB̂T

t )
)T

vec
(
|B⃗t | B̂t

˙̂BT
t

)]
, (2.23)

where triu( · ) extracts the upper triangular elements of a matrix, and vec( · ) de-
notes matrix vectorization. In standard tl compensation, these direction cosine
terms are computed using vector magnetometer measurements.

In (2.21), both β and |B⃗e | are unknown. When estimating the tl parameters β,
knowledge of |B⃗e | in the surrounding area is therefore required. Common ap-
proaches include the use of magnetic field maps, or band-pass filtering of the
scalar magnetometer measurements, which requires specific flight maneuvers.
Another alternative is to use a reference magnetometer mounted on the platform
to isolate platform magnetic disturbances. In this work, a calibration procedure
using a linear magnetometer array is used (see Section 3.2).

The parameter vector β can then be estimated using ordinary least squares.
However, the columns of A are often highly correlated, which renders the
least-squares problem ill-conditioned [11]. To mitigate this issue and reduce
overfitting, ridge regression is used

β =
(
ATA + λI

)−1
AT y. (2.24)

The Earth’s magnetic field can then be estimated during operation by applying
the previously determined compensation model,

|B⃗e | = BScalar − Aβ, (2.25)

where β is the parameter vector estimated during calibration, while A and BScalar
are obtained in real time [15]. The parameters remain valid as long as the mag-
netic signature of the platform is unchanged, and a recalibration is required if
magnetic sources on the platform are added, removed, or repositioned.
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2.7 Extensions of the Tolles-Lawson Method

The standard tl model has been extended to account for additional external dis-
turbances and other proposed improvements. This section presents the exten-
sions of the tl method explored in this work. In this project, a different scaling
for the direction cosines is used, along with an extended model that incorporates
magnetic disturbances from onboard electronics based on Biot–Savart’s law.

2.7.1 Modified Tolles-Lawson Compensation

In the standard tl method, the direction cosines of the total magnetic field are
determined using a vector magnetometer and its norm, as shown in (2.13). An
extension described in [6] instead uses

B̂t =
B⃗t

BScalar
. (2.26)

In this extension, the direction cosines are obtained by scaling the vector mag-
netic field using a scalar magnetometer measurement, rather than normalizing
with the vector norm. In (2.20), scalar measurements are also used for |B⃗t | and

| ˙⃗Bt | instead of vector measurements.

The motivation for this approach is that it may allow the model to account for
differences in the measured magnetic field between the scalar and vector magne-
tometers caused by their spatial separation [6]. Since the sensors do not measure
exactly the same field, even in close proximity, these differences are not captured
by the standard model.

2.7.2 On Board Electronics

The magnetometer measurements taken near onboard electronics (obe) can be
affected by significant magnetic disturbances. These effects are ignored in the
standard tlmodel. The magnetic disturbances generated by currents in the elec-
tronics, BI , can be modeled using Biot–Savart’s law. The corrupting magnetic
field produced by the k-th electronic component can be described as

B⃗OBE,k = B⃗Ik + B⃗Ik ,ind + B⃗Ik ,eddy, (2.27)

where B⃗Ik ,ind and B⃗Ik ,eddy are induced and eddy-current field produced by BIk
[16]. Based on Biot–Savart’s law, the magnetic disturbance from the obe can
be assumed to depend linearly on the current in each electronic component. The
resulting field can therefore be expressed as a linear combination of the current Ik
and its time derivative İk . The magnetic disturbance from the obe can therefore
be represented as
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B⃗OBE,k = dkIk + ek İk , (2.28)

where dk and ek are coefficient vectors

dk =
[
γ6k−5 γ6k−4 γ6k−3

]T
, ek =

[
γ6k−2 γ6k−1 γ6k

]T
, (2.29)

dkIk represents the combined permanent and induced magnetic effects, while
ek İk captures the time-varying eddy-current effects driven by İk [16].

The tl model of the magnetic platform field is then expanded with a sum over
all the electronics, which can be described as

B⃗p′ = B⃗p +
K∑
k=1

B⃗OBE,k . (2.30)

This approach can be extended to include additional inputs or sources beyond
currents, provided they are assumed to have a linear relationship with the mea-
sured magnetic field. In this work, voltage measurements and RPM measure-
ments are included in the model, with RPM measurements capturing the rota-
tional effects from permanent magnets in the engines.

2.8 Evaluation Metrics

The evaluation of the platform noise compensation methods is performed using
several different metrics. A standard measure for quantifying the magnetic plat-
form noise is the standard deviation, which is calculated as

σ =

√√√
1
N

N∑
k=1

(yk − ȳ)2, (2.31)

where yk represents the k-th magnetic field measurement and ȳ is the mean of the
measurements. The improvement ratio (ir) quantifies the reduction in standard
deviation achieved through compensation:

IR =
σu
σc

, (2.32)

where σu and σc denote the standard deviation of the uncompensated and com-
pensated signals, respectively.

To determine which obemeasurements have a significant effect and are relevant
for modeling the onboard electronics, the Pearson correlation coefficient is used
to quantify the linear relationship between the magnetic platform noise and each
obemeasurement. It is defined as

r =
∑N

i=1(mi − m̄)(ni − n̄)√∑N
i=1(mi − m̄)2

√∑N
i=1(ni − n̄)2

, (2.33)
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where mi and ni are the i-th samples of the magnetic platform noise and a specific
electronic signal, respectively, and m̄ and n̄ are the mean values of these signals.

The coefficient takes values in the interval [−1, 1], where r = 1 indicates a perfect
positive linear correlation, r = −1 indicates a perfect negative linear correlation,
and r = 0 indicates no linear correlation.



3
Magnetic Compensation of Platform
Disturbances and Speed Estimation

This chapter presents the data-processing methodology and details the estima-
tion of the tl coefficients. The estimation relies on a magnetometer array, where
the furthest magnetometer is used as a reference for the Earth’s magnetic field.
This is an experimental configuration intended for calibration, and in operation
the magnetometers would ideally be mounted only on or inside the auv itself
and compensated using the estimated tl model to enable use in navigation.
The methodology used for estimating the vehicle’s speed is also described. An
overview of the system, including the compensation of the scalar measurements
and the subsequent speed estimation, is shown in Figure 3.1.

3.1 Data Preprocessing

Preprocessing of both vector and scalar magnetometer data was performed us-
ing a low-pass filter with a cutoff frequency of 1 Hz. The filtering was applied
to remove frequency-dependent noise originating from the platform motors and
external sources, such as the power grid, and to mitigate aliasing effects in the
scalar magnetometer measurements. The cutoff frequency of 1 Hz was chosen
based on the frequency content observed in the data and the filtering used in the
map-less calibration procedure for aeromagnetic tl compensation, which typi-
cally employs a band-pass filter with an upper cutoff frequency of approximately
1 Hz [15]. The scalar magnetometer data were resampled and interpolated to
match the sampling frequency of the vector magnetometers.

15
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TL-Compensation TL-Estimation

Speed Estimation

Data Preprocessing

Data Input

βTL

vmag

Figure 3.1: Conceptual overview of the compensation for magnetic distur-
bances and speed estimation.

3.2 Magnetic Compensation Coefficient Estimation

To use (2.24), the Earth’s magnetic field must first be removed from the scalar
measurements to isolate platform-induced magnetic noise for estimation of the
tl coefficients. In this work, linear magnetometer arrays attached in front of a
vehicle are considered, as illustrated in Figure 3.2. The magnetometer located
farthest from the platform is used as a reference magnetometer, Bref , for the
Earth’s magnetic field, since platform-induced dipole fields decay approximately
with 1/r3. Although residual platform disturbance may be present, its magni-
tude will be relatively small compared to the signals observed by the two inner
magnetometers. A scalar magnetometer onshore, BShore, is also used to measure
diurnal variations.

Figure 3.3 shows a block diagram of the data processing for tl coefficient estima-
tion. The scalar measurement BScalar is the measurement from a magnetometer
in the vicinity of the platform, in this case either of the two innermost magne-
tometers. The diurnal magnetic field Bd , measured by the onshore magnetome-
ter BShore, was first removed, giving the processed scalar measurement BFilt. The
Earth’s magnetic field Be was then removed using the reference magnetometer
BRef, isolating the platform-induced disturbance Bp. The isolated disturbance Bp
is used as training data for the parameter estimation, together with BFilt, the vec-
tor magnetometer measurements B⃗vec, and the obe-measurements IOBE used for
the extended model, giving the estimated parameters βTL.
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Bshore

Mag1

Shore

Mag4

Bscalar

Mag3

Bscalar

Mag2

Bref , Bvec

Figure 3.2: Sketch of the sensor setup with corresponding outputs used in
the Askö experiments.

DIURNAL
REMOVAL

ANOMALIES
REMOVAL

TL-ESTIMATION
BScalar

BShore

BFilt

BRef

Bp

BFilt

B⃗vec, IOBE

βTL

Figure 3.3: Block diagram of the data processing pipeline for tl parameter
estimation.
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Figure 3.4: Plot showing before and after removal of diurnal variations for
Sensor 2 on the row trial.

3.2.1 Removal of Diurnal Effects

Removal of diurnal effects from the scalar magnetometer array was performed
by subtracting the diurnal variations observed by the onshore sensor. To isolate
the diurnal variations from the onshore measurements, a low-pass filter with a
cutoff frequency of 1 Hz is applied, and the mean of the magnetometer data is
removed. Figure 3.4 illustrates the effects of diurnal variation removal on the
Row trial data, showing the data before and after the correction.

3.2.2 Removal of Earth’s Magnetic Field

The Earth’s magnetic field, Be, is removed by using the measurement from the
magnetometer furthest from the auv as a reference. The reference signal is either
subtracted directly from the target sensor measurements or first time-shifted us-
ing speed estimates from the LoLo auv to explicitly compensate for the spatial
separation between the sensors.

When direct subtraction is used, explicit removal of diurnal variations is not re-
quired, and the corresponding preprocessing steps are omitted.

For the time shift, the reference signal is first shifted in time to align magnetic
anomalies across sensors before subtraction. The resulting estimate of the
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platform-induced magnetic field is expressed as

Bp(t) = Btarget(t) − Bref(taligned), (3.1)

where Btarget and Bref are the measurements from an inner and furthest-out mag-
netometer, respectively, and taligned accounts for the time shift.

The time shift was estimated using LoLo’s forward velocity to compute the cumu-
lative traveled distance:

x(tn) =
n∑
i=1

vi Ts, (3.2)

where vi is the estimated speed at sample i, Ts is the sampling interval, and n is
the sample index.

The aligned time is then obtained from

x(taligned) = x(t) − d, (3.3)

where d is the distance between the magnetometers. The corresponding time
taligned is obtained by inverting x(t). The reference magnetometer signal is then
interpolated at these shifted time instants.

Three assumptions underlie these methods of isolating platform-induced mag-
netic disturbances. First, as already mentioned, the furthest-out magnetometer is
assumed to be largely free of platform-induced noise. Second, the rod connecting
the magnetometers is assumed to be rigid. In reality, some flexibility introduces
slight variations in the distance between sensors, which can lead to imperfect
speed correction. Additionally, platform-induced effects may differ slightly due
to repositioning of magnetometers. Third, the method assumes that the sensors
pass over the same positions as the platform moves. During diving or turning
maneuvers, small positional offsets in regions with high magnetic anomalies can
result in significant errors.

3.2.3 Tolles-Lawson Estimation

The tl parameters are then estimated using ridge regression applied to the pre-
processed data. The regularization parameter λ was selected within the range
0.25 × 10−7 to 2.5 × 10−3 using cross-validation on test data paired with L-curve
analysis [17]. The L-curve plots the trade-off between minimizing the Euclidean
norm of the parameter vector, ∥β∥2, and the residual error, ∥Y − Xβ∥2. The se-
lected value of λ is chosen near the point of maximum curvature of the L-curve,
representing a suitable trade-off between regularization and model fit.

To construct the regressor matrix A for the model, the time derivatives for B̂t and
|B⃗t | in (2.23) were computed using MATLAB’s gradient function. This function
numerically computes central differences for interior data points and one-sided
differences at the boundaries.

The linear relationships between the obe measurements and the magnetic sig-
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nals after standard tl compensation were evaluated using the Pearson correla-
tion coefficient. The obe measurements with the highest absolute correlation
coefficients were selected as features for the extended obe compensation model.
The parameters of the model were estimated using ridge regression, with the
regularization parameter λ selected using the same L-curve and cross-validation
procedures as for the standard tlmodel.

3.3 Speed Estimation

To estimate the speed of the platform, a sliding window of the most recent mag-
netometer array measurements is used. Within each time window, the Earth’s
magnetic field is assumed to be locally linear across the array, and the unknown
parameters are estimated using standard linear least squares.

The speed estimation is based on a velocity-dependent measurement model for a
scalar magnetometer array consisting of M sensors. The measurements at time
step n are modeled as

yn = µn(θ) + en, en ∼ N
(
0, σ2

e IM
)
, (3.4)

where µn(θ) denotes the model of the Earth’s magnetic field across the array, θ
represents the unknown model parameters, and en is the measurement noise.
Note that the diurnal variations are not modeled here, as they are assumed to be
removed during preprocessing.

Assuming that the Earth’s magnetic field can be approximated as locally linear
across the array, the measurement model is represented as

µn(θ) = k (vnTs1M −DM ) + b1M , (3.5)

where DM = [0, d1, . . . , dM−1]T represents the distances of the sensors relative to
the first sensor in the linear array. The vector of unknown parameters is defined
as θ = [v, k, b]T , where v is the speed, k is the linear gradient coefficient, and b is
the intercept term [1].

By defining a temporal gradient coefficient as kv = kv, the model becomes linear
with respect to the regression parameters. Within a data window of length Nwin,
the data from all sensors are stacked into a linear system of the form

ywin = Xspeedθest + ewin, (3.6)

where the design matrix Xspeed is constructed using the time vectors and sensor
positions, and the parameter vector to be estimated using least squares is

θest =

kvk
b

 . (3.7)

Once the parameters are determined, the estimated speed v for the current win-
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dow is extracted by taking the ratio of the temporal and spatial gradients

v =
kv
k
. (3.8)

This estimation process is repeated by sliding the window across the entire dura-
tion of the trial.





4
Experiments and Results

This chapter presents the Askö dataset used in this work, as well as the results
and analysis of the compensation and speed estimation methods described in the
previous chapters.

4.1 Askö sea experiment

The data used in this work were collected during the summer of 2025 at Askö as
part of the Vinnova ENOK project. The experiments consisted of sea trials using
a linear magnetometer array mounted on an auv. The auv used in the experi-
ments was developed at KTH and is named LoLo. The platform is equipped with
an ins and various sensors to measure electrical currents, voltages, and other
operational parameters, such as rpm of the engines.

The magnetometer array used in the trials consisted of three scalar magnetome-
ters of type QuSpin QTFM. The QuSpin QTFM has a noise spectral density of
< 3 pT/

√
Hz and a heading error of < 3 nT [18]. For the experiment, a sampling

rate of 125 Hz was used for the scalar measurements [1], resulting in a Nyquist
frequency of 62.5 Hz. This yields a noise floor with a standard deviation of ap-
proximately 3 pT/

√
Hz ×

√
62.5 Hz ≈ 0.0237 nT, which establishes a limit to the

achievable accuracy for measuring the Earth’s magnetic field. Each magnetome-
ter, together with a QuSpin Advanced Communication Board and a battery, was
housed in an individual watertight container consisting of a plastic cylinder. A
Bosch BNO085 MEMS sensor integrated in the communication board provided
vector magnetic field measurements [1]. A u-blox NEO-M8 GPS receiver module
was used for positioning and time synchronization [1].

Three watertight containers housing the magnetometers were mounted on a fiber-

23
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Figure 4.1: A picture [1] of LoLo auv in Askö with three magnetometers
in their watertight containers. The magnetometers are mounted on a rod
forming a linear array in front of LoLo.

reinforced plastic rod attached to the auv, as shown in Figure 4.1. The distance
between the outermost and middle magnetometers was approximately 1 m. The
magnetometer closest to the auv was mounted on the auv hull, approximately
45 cm behind the middle magnetometer. This magnetometer gives measure-
ments representative of a magnetometer mounted onboard or inside the auv,
without a protruding rod. A fourth magnetometer, in an identical container and
with identical additional electronics, was placed onshore to measure diurnal vari-
ations in the Earth’s magnetic field during the sea trials.

Data were collected during three separate sea trials to characterize platform-
induced disturbances and measure magnetic field variations using a moving un-
derwater vehicle. The sensor containers were kept mounted on the rod during all
trials to preserve the distances between the sensors. In the first trial, also called
the lunch trial, LoLo was used in a configuration where all optional components
were turned off to minimize platform-induced disturbances. In the second trial,
also called the evening trial, different components were switched on and off one
by one to characterize their magnetic contributions. In the third trial, the sensor
array was towed behind a rowboat to obtain measurements free from platform-
induced magnetic disturbances. When towing the array behind the rowboat, a
long towrope was used to minimize any influences of the boat. The rowboat was
made of fiber-reinforced plastic, with a small metal motor that was unused. The
boat was rowed so that the motor was facing away from the magnetometer array
to minimize potential magnetic disturbances.
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Figure 4.2: Diurnal magnetic field variations measured by the onshore mag-
netometer during the row trial, compared with data from the Fiby observa-
tory in Uppsala.

4.2 Measurement Environment and Data
Characteristics

This section provides an overview of the collected data set and the measure-
ment environment, including temporal variations, spatial magnetic anomalies,
frequency-dependent disturbances, and platform-induced magnetic effects ob-
served during the sea trials.

4.2.1 Diurnal Effects

Diurnal variations of the Earth’s magnetic field were observed on the onshore
magnetometer across the different trials, with a difference in amplitude of up to
approximately 40 nT. As shown in Figure 4.2, these temporal variations highly
correlate with data from the INTERMAGNET observatory in Fiby, Uppsala [19],
despite a spatial separation of 121 km from Askö. This coherence demonstrates
regional uniformity in the geomagnetic variations, validating the onshore trial
data. Furthermore, it indicates that regional observatory data could substitute
local onshore reference stations for diurnal corrections in future experiments.
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4.2.2 Magnetic Anomalies

As shown in Figure 4.3, significant spatial magnetic anomalies are observed in
the magnetometer data from the row trial. These localized anomalies are larger in
magnitude than the diurnal variations, showing that spatial variations dominate
the magnetic measurements during the trials. Consequently, the area cannot be
modeled as magnetically uniform, necessitating calibration methods that account
for significant local spatial gradients.

4.2.3 Frequency-Dependent Disturbances

Figure 4.4 shows the spectrograms of all magnetometers during the Row trial,
where no platform-induced disturbances are present. Distinct frequency bands
with elevated power are clearly visible. A prominent component at 50 Hz cor-
responds to the frequency of the Swedish power grid. The observed component
near 25 Hz is likely aliasing from an overtone of the 50 Hz signal, given the mag-
netometer sampling frequency of 125 Hz. Additionally, weaker spectral compo-
nents around 16 Hz may correspond to nearby railway signaling systems operat-
ing at similar frequencies.

Figure 4.5 presents the corresponding spectrograms for the Lunch trial, with plat-
form disturbance present in the magnetic measurements. A distinct frequency
component at approximately 33.3 Hz is observed, corresponding to 2000 RPM of
the LoLo platform motors. Similar but weaker frequency bands at ≤ 10 Hz are
also observed; some are attributed to electronic interference, while others corre-
spond to rpm of the other thrusters.

The low-pass filtering applied during preprocessing is intended to suppress these
frequency-dependent platform-induced and external disturbances.

4.2.4 Platform-Induced Magnetic Effects

Figure 4.6 illustrates magnetometer measurements from sensors mounted on the
auv during the Lunch trial. Significant platform-induced disturbances are ev-
ident. The disturbance amplitude decreases with increasing distance from the
platform. Furthermore, the presence of constant offsets between sensors suggests
permanent magnetization from the platform.

Figure 4.7 further illustrates the relationship between heading-dependent errors
and platform orientation. A strong correlation can be observed between the
platform-induced magnetic disturbance and the estimated orientation, indicat-
ing that heading-dependent effects constitute a dominant component of the mea-
sured interference.
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Figure 4.3: Magnetic anomalies observed during the row trial. The top figure
shows the magnetometer measurements, while the bottom figure presents
the spatial mapping of the measurements using GPS data.
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Figure 4.4: Spectrograms of all magnetometer sensors during the Row trial.
The color scale represents the power spectral density (PSD).
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Figure 4.5: Spectrograms of all magnetometer sensors during the Lunch
trial. The color scale represents the power spectral density (PSD).
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Figure 4.6: Magnetometer measurements from sensors mounted on the auv
during the Lunch trial.

4.3 Tolles-Lawson Compensation

The magnetic compensation was evaluated using three datasets. The first two
datasets were obtained from the Evening trial, which was divided into two sub-
sets such that both contained similar maneuvers. The third dataset consisted
of the Lunch trial data. The compensation performance was evaluated for both
the middle (magnetometer 3) and the innermost scalar magnetometer (magne-
tometer 4). The tl parameters were estimated separately on each dataset, and
each set of parameters was then evaluated both on its own dataset and on the
other datasets. The compensation was evaluated using the standard deviation of
the isolated platform-induced disturbance, σu , and the standard deviation of the
residual, σc, remaining after compensation, where the tl estimate is subtracted
from the isolated disturbance.

Looking at the results from the tl compensation in Table 4.1, the achieved ir
across the datasets is around 5 for magnetometer 3, and between 6 and 9 for mag-
netometer 4. The achieved ir is within the range expected for standard tl com-
pensation [7, 11]. Despite this, the compensated standard deviation remains on
the order of 10 nT for magnetometer 3 and 22–31 nT for magnetometer 4, which
is still significantly above the theoretical standard deviation floor of 0.0237 nT
assuming a bandwidth of 62.5 Hz. The remaining standard deviation is therefore
not explained by measurement noise alone, indicating that significant platform-
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(a) The auv’s estimated orientation in Euler angles during the Lunch trial.
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(b) The isolated, unfiltered platform magnetic disturbance for magnetometer 3
during the Lunch trial.

Figure 4.7: Platform magnetic disturbance and corresponding LoLo plat-
form orientation.
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Table 4.1: Uncompensated (σu) and compensated (σc) standard deviations,
and improvement ratios (IR), for tl compensation using speed alignment.

Set Mag σu [nT] σc [nT] IR

1 3 50.82 9.76 5.21
1 4 192.04 22.40 8.57

2 3 48.93 9.96 4.91
2 4 184.26 27.51 6.70

3 3 49.88 10.43 4.78
3 4 183.79 30.20 6.09

induced disturbance remains after compensation. Figure 4.8 shows the distur-
bance estimated by the tlmodel together with the isolated platform disturbance
used for the estimation, for a section of the Lunch trial with no dives. The tl
estimate captures the corresponding heading-related disturbances quite well.

Estimation of platform disturbances degrades during diving maneuvers, result-
ing in a large estimation bias, as shown in Figure 4.9. This degradation is caused
by variations in the platform’s magnetic field induced by the front vertical
thruster, likely due to the final resting orientation of the motor’s permanent
magnets. Figure 4.10 illustrates the unfiltered scalar magnetometer data over
this same period, while Figure 4.11 provides zoomed-in views of the descent
and ascent of the dive, with corresponding thruster activation. The highlighted
disturbances from the thruster activation correspond to the 33.3 Hz sinusoidal
noise from the motor rpm discussed in Section 4.2.3.

When the thruster is activated, the magnetic field begins to oscillate, with the
signal varying between an upper and a lower bound. When the thruster is de-
activated, this oscillation stops abruptly, and the signal remains at the value it
had when the motor stopped, rather than returning to its original baseline. Fig-
ure 4.11a shows the descent, where the oscillation begins at the lower bound and
ends at the upper bound, causing the baseline to shift there and resulting in a
persistent bias. Figure 4.11b shows the ascent, where the motor starts at the up-
per bound, the point where it previously stopped, and this time ends at the lower
bound, ending the persistent offset. The signal does not always shift perfectly
between the upper and lower bounds, but varies unpredictably depending on the
final position of the permanent magnets during each thruster activation. The
persistence of the offset after the thruster is deactivated, together with each ac-
tivation starting at the bound where the previous one ended, indicates that the
disturbance originates from the permanent magnetization of the motor rather
than from the currents driving it.
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Figure 4.8: The isolated platform noise and the tl estimate of platform mag-
netic field for the magnetometer 4 on part of dataset 3.

Figure 4.9: Platform noise and the tl estimate of platform magnetic field for
the magnetometer 4 on an example of a dive from dataset 2.
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Figure 4.10: Unfiltered raw scalar magnetometer measurements over the
dive.
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(a) Unfiltered scalar magnetometer mea-
surements during the descent of the dive.
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(b) Unfiltered scalar magnetometer mea-
surements over the ascent of the dive.

Figure 4.11: Zoomed-in views of the unfiltered scalar magnetometer mea-
surements during the descent and ascent of the dive.
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Table 4.2: Improvement ratios (IR) for tl compensation with parameters
trained on one dataset and tested on another. Rows indicate the training set,
columns the test set.

Magnetometer 3 Magnetometer 4

Train Test 1 Test 2 Test 3 Test 1 Test 2 Test 3

Set 1 5.21 4.67 2.63 8.57 5.75 2.28
Set 2 4.90 4.91 3.17 7.24 6.70 3.42
Set 3 2.94 2.92 4.78 4.97 4.90 6.09

The cross-validation results for the standard tl compensation are shown in Ta-
ble 4.2. The parameters trained on Set 1 and Set 2 generalize well between the
two, with the improvement ratios remaining similar whether the parameters are
evaluated on their own set or on the other, for both magnetometers. This is ex-
pected, as both sets originate from the Evening trial and contain similar maneu-
vers. Set 3, from the Lunch trial, generalizes poorly with the Evening sets in
both directions, with the ir dropping when Lunch parameters are applied to the
Evening sets and when Evening parameters are applied to Lunch. The param-
eters still perform reasonably on their own Lunch set, so the reduced cross-set
performance is likely due to differences between the trials rather than the com-
pensation itself. The differences in setup, with the magnetometer nearest the auv
swapped with the onshore magnetometer, the uncalibrated vector magnetometer,
and no handling of diurnal variations applied to the vector magnetometer, may
explain the poor generalization between the Evening sets and Set 3.

To estimate the tl parameters, the platform disturbance must be isolated, Bp =
Bt − Be. Two methods for approximating the Earth’s magnetic field are compared
here: using the furthest reference sensor directly, and using time-shifted refer-
ence sensor measurements based on the auv’s speed. Figure 4.12 shows the
estimated tl coefficients for both methods and for each respective magnetome-
ter. The estimated coefficients vary somewhat between datasets. This variation
is partly due to non-standardized calibration maneuvers and the fact that not all
tl parameters may be sufficiently excited in each dataset. In addition, alterations
in the magnetic signature of the platform introduced by activation of the vertical
thruster may contribute to some of the observed differences. Comparing the two
Earth-field removal techniques, the estimated tl coefficients are similar and, in
most cases, nearly identical.

Table 4.3 shows the results for the direct method, using the same platform
magnetic-noise reference as the time-shifted method to enable a direct compar-
ison between the two approaches. Comparing the compensation performance
in Table 4.1 and Table 4.3, the two methods for removing the Earth’s magnetic
field give results in the same order of magnitude. The difference in compensa-
tion performance is generally less than 0.75 nT in terms of standard deviation,
with the exception of Magnetometer 4 on Dataset 2, where a difference of 1.6
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(a) Estimated tl coefficients with speed
alignment.
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(b) Estimated tl coefficients with no
speed alignment.

Figure 4.12: Estimated tl coefficients with magnetometer 3.

Table 4.3: Standard deviations and Improvement Ratios for tl compensa-
tion with no speed alignment.

Set Mag σu [nT] σc [nT] IR

1 3 50.82 9.88 5.14
1 4 192.04 23.14 8.30

2 3 48.93 10.13 4.83
2 4 184.26 29.17 6.32

3 3 49.88 10.49 4.75
3 4 183.79 30.26 6.07

nT is observed. The slightly higher standard deviation is likely attributable
to the model not being trained on the corresponding platform magnetic-noise
reference, as well as differences in the effect of the regularization parameter, λ,
between different platform magnetic-noise references.

In summary, while standard tl compensation mitigates heading-related errors,
certain maneuvers degrade its performance. These maneuvers violate the fun-
damental assumption of the tl model: that the vehicle’s magnetic properties
remain constant throughout the trial. Specifically, operating the vertical thruster
affects the platform’s magnetic field. A comparison between the two methods for
removing Earth’s magnetic field shows no significant difference in performance,
as most core assumptions apply to both methods equally. The shifted method
assumes straight-line motion, and its benefit of preserving the magnetic spatial
gradient is only realized when this assumption holds. Furthermore, the removal
of the Earth’s magnetic field using the time shift relies on an accurate speed esti-
mate. Consequently, implementing the time-shift correction provides little bene-
fit, making it preferable to utilize the reference signal directly. Despite this, the
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time-shift method is used for the rest of the thesis and serves as the ideal baseline
for the magnetic signal in the magnetic speed estimation.

4.4 Tolles-Lawson Extensions

This section presents the results of the tl extension described in Section 2.7 and
compares them with the results of the standard tl compensation. The selection
of obemeasurements used for this extension is also presented.

4.4.1 Feature Selection

To understand which obe measurements affect the magnetic disturbances, Pear-
son correlation coefficients were computed between the obe data and the stan-
dard tl compensated magnetic measurements. Figures 4.13–4.15 show the abso-
lute values of these correlation coefficients across three datasets for magnetome-
ter 3. For clarity, only the top 10 highest correlations are displayed in the figures.

The figures show that measurements related to the batteries, thrusters, and the
front vertical thruster exhibited the highest correlations. For the thruster and
vertical thruster, both current and rpm measurements showed consistently in
the top 10 correlations. For Battery1 and Battery2, both voltage and current
measurements appeared among the most highly correlated. Many of the mea-
surements may be linearly dependent.

The measurements selected for the model were chosen based on their correlation
and were further evaluated experimentally by testing different combinations and
comparing their performance. Including multiple measurements from the same
component (e.g., voltage and multiple current readings) offered little benefit over
including a single measurement. Due to the relatively small number of available
obemeasurements, the final selection was based on the set of measurements that
produced the best results in testing.

4.4.2 Compensation

Table 4.4 presents the results for all datasets and magnetometers for both the stan-
dard and the extended tl compensation. The extended method improves the
compensated standard deviation σc for both magnetometers across all datasets.
For the middle magnetometer 3, the reduction is approximately 2.5–3.5 nT. For
magnetometer 4, nearest the auv, the improvement is more varied, with reduc-
tions of around 8 nT for datasets 1 and 3, and approximately 3.5 nT for dataset 2.
The generally larger differences in compensation for magnetometer 4 are likely
due in part to stronger influence from onboard electronics on the nearest mag-
netometer, as well as increased distance to the vector-magnetometer and larger
disturbances.
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Figure 4.13: Norm of Pearson correlation coefficient for dataset 1 for the
middle magnetometer.
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Figure 4.14: Norm of Pearson correlation coefficient for dataset 2 for the
middle magnetometer.
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Top 10 correlations - Set 3
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Figure 4.15: Norm of Pearson correlation coefficient for dataset 3 for the
middle magnetometer.

Table 4.4: Standard deviations and Improvement Ratios for both standard
tl compensation and the extended tl compensation.

Set Mag tl σc [nT] tl ir obe σc [nT] obe ir

1 3 9.76 5.21 6.31 8.05
1 4 22.40 8.57 14.00 13.71

2 3 9.96 4.91 7.43 6.59
2 4 27.51 6.70 24.00 7.68

3 3 10.43 4.78 7.19 6.94
3 4 30.20 6.09 22.23 8.27
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Figure 4.16: The isolated platform disturbance and the estimates of the plat-
form magnetic field from the standard and extended tl models, for magne-
tometer 4 on part of dataset 3.

Figure 4.16 shows the estimated magnetic disturbances for the dive-less section
of dataset 3. In general, the extended model fits the disturbances better than the
standard tl model. Specifically, the obe-model captures the disturbance occur-
ring shortly after 15:10, which corresponds to the activation of a thruster. The
extended model performs significantly better than the standard tl model. How-
ever, the obe-model also tends to produce spikes when certain thrusters are acti-
vated, likely due to abrupt current step changes.

The compensation still degrades during dive maneuvers, as shown in Figure 4.17.
It can be observed that the persistent bias is reduced compared to the standard tl-
compensation shown in Figure 4.9. This is likely due in part to the fact that the
effects from the thruster can be better distinguished when scaling the direction
cosines with the scalar magnetometer instead of the vector magnetometer.

The cross-validation results for the obe-compensation are shown in Table 4.5
and can be compared with the standard tl-compensation in Table 4.2. The obe-
compensation improves the results over the standard tl-compensation across
all datasets, which shows that disturbances from the obe are compensated for
to some extent. Some tendency to overfit can be seen, as the improvement ra-
tios are highest when the parameters are evaluated on their own dataset, but
the obe-compensation still performs better than the standard tl-compensation
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Figure 4.17: Platform noise and the extended tl estimate of platform mag-
netic field for the magnetometer 4 on an example of a dive from dataset 2.

when evaluated on the other datasets. The improvement ratios for magnetometer
4 are consistently higher when evaluated on Set 1, regardless of which dataset
the parameters were trained on, reaching 13.71 when trained on Set 1 and 10.79
when trained on Set 2 for magnetometer 4. This indicates that the obe distur-
bance in Set 1 is more easily removed than in the other datasets, rather than that
Set 1 produces a better model, since the higher ratios follow the test set rather
than the training set.

In summary, the extended tl-compensation offers a clear improvement over stan-
dard tl-compensation, demonstrating that the obe disturbance can be compen-
sated for. The degree of mitigation varies across datasets and magnetometers, and

Table 4.5: Improvement ratios (IR) for the extended tl-compensation with
parameters trained on one dataset and tested on another. Rows indicate the
training set, columns the test set.

Magnetometer 3 Magnetometer 4

Train Test 1 Test 2 Test 3 Test 1 Test 2 Test 3

Set 1 8.05 5.09 2.96 13.71 6.82 5.17
Set 2 6.07 6.59 3.38 10.79 7.68 4.69
Set 3 4.31 3.96 6.94 7.42 5.73 8.27
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Figure 4.18: Speed estimated from the uncompensated magnetometer array
measurements for the first half of the Lunch trial.

the exact extent of disturbance from obe remains difficult to quantify. Results
from magnetometer 4, the one nearest to the auv, indicate the largest improve-
ments, although performance varies considerably across datasets. The extended
model is not perfect at modeling obe, as it also introduces spikes associated with
certain thruster activations. The degradation during diving maneuvers still re-
mains, though to a somewhat lesser degree, and the model slightly reduces the
persistent bias. Significant platform-induced disturbances nevertheless remain
and continue to affect the measurements. However, the achieved ir, reaching
as high as 13.71, demonstrates substantial compensation of the platform distur-
bances.

4.5 Speed Estimate

The motivation for compensating platform-induced magnetic disturbances is to
enable the use of magnetic measurements for navigation and to evaluate whether
the tested compensation methods can provide reliable speed estimates. Using
uncompensated magnetometer array measurements for the estimation yielded
results showing no correlation with speed, as illustrated in Figure 4.18. The pre-
sented speed estimates were obtained from the first half of the Lunch trial, which
contains no dive maneuvers. The speed estimates were computed using a win-
dow size of five seconds. Due to significant platform disturbance remaining after
compensation in the magnetometer closest to the auv, only the two outer magne-
tometers were used to estimate speed.
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Figure 4.19: Speed estimated from the ideal magnetometer array measure-
ments for the first half of the Lunch trial.

To evaluate the viability of the linear speed estimation method, it was first tested
on artificial magnetometer array measurements generated assuming ideal con-
ditions. The ideal conditions assume purely straight-line motion and measure-
ments free of platform-induced magnetic disturbance, so that each magnetome-
ter in the array measures the same field as the one ahead of it, only at a later
point in time. The artificial measurements were generated from the farthest-out
magnetometer, shifted in time based on the distance between the sensors in the
array setup and LoLo’s estimate of the speed, as described in Section 3.2.2.

Figure 4.19 illustrates the estimated speed. Although the estimate captures the
overall speed variations, it remains highly noisy and unreliable, even under ideal
conditions. The poor estimation performance may in part be due to low gradi-
ents in the Earth’s magnetic field, together with the assumption that both the
magnetic field and the speed remain approximately linear within the selected
window. Additionally, the estimation is numerically unstable and prone to spikes
when extracting the speed using v = kv

k .

For the speed estimates based on compensated measurements, the magnetometer
data were compensated using the extended tl-method trained on the first half of
the Lunch trial free from dives. The residuals of the platform disturbance for the
middle magnetometer are shown in Figure 4.20, where the compensation yielded
σc = 2.17 nT. The training was performed using the speed-aligned method to
remove the Earth’s magnetic field, which, under ideal conditions, yields compen-
sated measurements that match the artificial measurements.
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Figure 4.20: The residuals of the extended tl-compensation of the platform
magnetic field for magnetometer 3 for the first half of the Lunch trial.

The speed estimates obtained using the compensated magnetometer array are
shown in Figure 4.21. A moving average with a window length of five samples
was applied to the speed estimates. As can be seen, the estimates deteriorate
significantly, and no reliable speed estimation is achieved. However, some seg-
ments show partial agreement with the reference. A zoomed view between 12:52
and 12:58 is shown in Figure 4.22. The spatial mapping of the magnetometer
measurements onto the auv trajectory during the same period is shown in Fig-
ure 4.23. The circular maneuver between shortly before 12:54 and 12:55 coin-
cides with poor speed estimates. Between approximately 12:55 and 12:57, the
vehicle moves along a straighter trajectory with distinct magnetic gradients. In
this interval, the speed estimate shows some agreement with LoLo’s estimated
speed, although estimation accuracy remains limited.

The speed estimation method performs poorly and requires improved compensa-
tion of the magnetometer array. The method is theoretically valid only under re-
strictive conditions, including straight-line motion and the assumption that both
the magnetic field and the velocity are approximately linear within the estima-
tion window. The poor performance may be partly attributed to the small vary-
ing bias remaining in the compensated measurements, see Figure 4.20. The bias
degrades the results through errors in the estimated linear gradient coefficient k.
At the same time, the method could only be evaluated in a limited setting, using
only two magnetometers.

In summary, reliable speed estimation could not be achieved using the com-
pensated measurements due to insufficient compensation of platform-induced
magnetic disturbances and the restrictive conditions imposed by the estimation
method and experimental setup. The estimation method did, however, produce
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Figure 4.21: Speed estimated from compensated magnetometer array for
first half of the Lunch trial.

decent speed estimates on artificial measurements free of platform-induced
magnetic disturbance. Improving the compensation of platform-induced distur-
bances is therefore of interest for improving the speed estimation. Future work
should also investigate alternative methods and experimental setups.
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Figure 4.22: Zoomed-in section of the speed estimate from the compensated
magnetometer.
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Figure 4.23: Spatial mapping of magnetometer measurements onto the auv
path during a part of the Lunch trial.





5
Conclusion & Future Work

This chapter concludes the thesis by addressing the research questions and dis-
cussing potential directions for future work.

5.1 Conclusions

This thesis investigated the possibility of removing platform-induced magnetic
disturbances from an autonomous underwater vehicle (auv) and estimating ve-
hicle speed using a linear magnetometer array. The compensation was performed
using both the standard Tolles-Lawson (tl) method and an extended tl model
that includes onboard electronics (obe), with mapless calibration using the far-
thest magnetometer in the array as a reference to isolate the platform-induced
magnetic disturbance. The speed was then estimated from the compensated ar-
ray measurements using a linear, velocity-dependent measurement model of the
magnetometer array. The methods were evaluated using data collected from an
auv equipped with a three-sensor linear magnetometer array during sea trials
conducted outside Askö.

RQ1: Mapless Compensation in Magnetic Anomalies

Mapless calibration of the tl coefficients using a magnetometer array is possi-
ble in regions with large magnetic anomalies, and the resulting tl compensation
significantly reduces the platform-induced disturbance, although disturbance re-
mains. The tl compensation gave an improvement ratio (ir) of roughly 5 for
the middle magnetometer and between 6 and 9 for the magnetometer closest to
the auv. However, the compensation degrades during certain diving maneuvers,

47
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likely caused by changes in the magnetic signature from the position of the per-
manent magnets in the front vertical thruster.

RQ2: Compensation of Disturbances from Onboard Electronics

Including the obemeasurements in the model improves the compensation, with
the extended tl compensation reaching an ir of up to 13.71. This shows that
disturbance from the obe is compensated for to some extent using the extended
model. The degree of mitigation varies across magnetometers, with the largest
improvements observed for the magnetometer nearest to the auv, although per-
formance also varies considerably between datasets. The extended model does
not perfectly capture the disturbance from the obe, as it introduces spikes asso-
ciated with certain thruster activations, and the persistent biases from the front
vertical thruster remain, although they are slightly reduced. The exact extent of
the mitigation is difficult to quantify, since neither the amount ofobe disturbance
present in the raw measurements nor the amount remaining in the compensated
results can be measured directly.

RQ3: Speed Estimation Using Compensated Magnetometer Vectors

No reliable speed estimation could be achieved using the compensated magne-
tometer measurements. The linear speed estimation method produced decent
speed estimates on artificial measurements free of platform-induced magnetic
disturbances, but performance deteriorated when applied to compensated ar-
ray measurements due to insufficient compensation for platform-induced distur-
bances and the restrictive conditions imposed by the estimation method and ex-
perimental setup. Even with further improvements in the compensation, the cur-
rent setup provides limited conditions for reliable speed estimation because the
method relies on restrictive assumptions, including a locally linear magnetic field
and approximately constant velocity within each estimation window. A larger
magnetometer array and alternative sensor geometries could enable more reli-
able speed estimation under less restrictive motion conditions, but alternative es-
timation methods might provide more reliable speed estimates than the method
evaluated in this work.

5.2 Future Work

The results indicate several promising directions for continuation of this work.
These include improvements to sensor configuration, data collection, and model-
ing of disturbances.

Sensor Setup: The current experiments were conducted using a linear array of
three magnetometers. Future studies could investigate alternative sensor geome-
tries, such as square, triangular, or tripod configurations, to enable two- and
three-dimensional velocity estimation. Increasing the number of magnetometers
and using a higher-quality vector magnetometer could further improve both com-
pensation and speed estimation.
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Time-Varying tl Coefficients: The current method assumes that tl coefficients
remain fixed throughout the mission. Estimating time-varying parameters, for
example using an extended Kalman filter, could improve compensation during
dives and thruster activations.

Data Collection: The accuracy of the estimated tl parameters is strongly depen-
dent on the quality of the calibration dataset and on how well the maneuvers
during calibration excite the platform-induced disturbances. Future experiments
should therefore consider the following aspects of data collection.

• Magnetic Mapping: Acquire a high-quality magnetic map of the test area
prior to conducting auv experiments. This enables separation of the Earth’s
magnetic field from platform-induced disturbances. The map could also be
used for map-based navigation with a particle filter.

• Calibration in Low-Anomaly Environments: Collect calibration data in re-
gions with weak magnetic anomalies, such as deep-water environments, to
reduce environmental interference and improve the estimation of TL model
parameters.

• Excitation Maneuvers: Use calibration trajectories that deliberately excite
a wide range of platform orientations, headings, and operating conditions.
This could improve the robustness and accuracy of the estimated TL coeffi-
cients while facilitating better comparisons across datasets.
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