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Abstract

Small satellites are gaining popularity in a wide range of applications where
attitude systems require high precision performance. One of the main sources of
errors, in case of magnetic attitude control systems, is the residual magnetic moment
(RMM) of the spacecraft. To keep the RMM low and stable, mitigation methods shall
be applied based on the satellite’s magnetic dipole moment (MDM) characterization,
which shall be measured accurately. For small satellites, the most common technique
involves the generation of a field-free region for the magnetic measurements using a test
bed. The test bed measurement setup is normally mechanical, where measurements
from the device under test (DUT) are very tedious. Optical magnetic test beds
(OMTB) are being developed for MDM characterization providing simpler set ups
and faster measurements than mechanical test beds.

In this work, accuracy of OMTB of Aalto University has been evaluated by
measuring three permanent magnets in two configurations. The measurements show
a relationship between the estimation accuracy and the DUT’s marker area seen
by the camera. Moreover, it was observed that the field-free region generated by
Helmholtz coil cage can generate false data points. Based on these observations,
the detection of the marker’s positions have been evaluated using the view area
(VA) and the pointing angle (PA). The analysis shows that there is a consistent
pattern depending on the combination of the VA and PA. Hence, the method of
data acquisition was improved in order to prioritize the markers which position allow
better accuracy. The achieved improvement of MDM estimation results is 2 %, and
the test bed’s overall error evaluated is a 13 % in MDM position estimation and 23
% in MDM magnitude estimation. The improved OMTB was used to characterize
the MDM of four magnetic attitude coils of Foresail-1 satellite. The measurements
results are consistent with design parameters, showing three dipole configuration in
all coils with a MDM magnitude order of 10 2 Ae m?.

Keywords small satellite, CubeSat, optical magnetic test bed, magnetic dipole
moment characterization, residual magnetic moment, permanent magnet
verification, magnetic measurement, Foresail-1, Helmholtz cage
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1 Introduction

1.1 Overview

Over the last decade, the number of applications for small satellites, nano-satellites
like CubeSats, has increased exponentially from Earth Observation (EO) to assistance
in deep-space missions in the Solar System, mainly due to their lower cost and quicker
development [1].

In order for the spacecraft (S/C) to meet its mission objectives, among other
important subsystems, the attitude, determination and control subsystem (ADCS)
provides and controls the satellite’s pointing and accuracy; thus, its orientation. To
determine the orientation, ADCS is composed by several sensors like gyroscopes,
magnetometers, sun sensors, among other types; which will then dictate ACDS
actuators’ manipulation such as magnetic torques, reaction wheels, etc [2]. In case
of small satellites like CubeSats, it is difficult to accomplish high-precision pointing
and stability due to disturbance torques caused by the S/C’s residual magnetic
moment (RMM). The characterization of the satellite’s RMM is really important
when designing the subsystems and their material in order to minimize the effect on
the S/C and its functions [3].

Therefore, the characterization of the magnetic dipole moment (MDM) for satel-
lites should be considered in order to mitigate the disturbance due to the RMM [4].
The MDM can be determined using several methods depending on the satellite’s or
subsystem’s dimensions, magnetic environment, etc.; some of them can be found in
the appendix B of [5]. Most of the techniques used for the MDM estimation involve
a mechanical magnetic test bed in which the device under test (DUT) is rotating in
one or more axes and surrounded relative to one or several magnetometers, normally
inside of a magnetically neutral field. There are several studies using these techniques,
or similar ones [3] [6] [7] [8] [9] [10] [11]. Other methods for MDM analysis can be
found in [12] [13]. Moreover, new technology is being developed using optical systems.
This new technology incorporates a visual system for MDM measurements which
test bed, in this work, is referred as an optical magnetic test bed (OMTB). Some
studies in this field can be found in [14] and [2], for instance.

In the case of small satellites, mechanical and optical test beds are suitable to
characterize its magnetic dipoles. However, mechanical test beds normally involve
complex mechanical systems in functionality, design or dimensions. Apart from this
added complexity, the position of the DUT and the magnetometers must be known
at all moments, which can be tedious even if the process is automated.

On the other hand, it is worthy to point out that OMTBs do not require such a
complex system and are easier to set up and measure since the relative pose of the
DUT and the magnetometer is not needed at all times due to their machine-vision
detection. Thanks to this, the measurement is easier to implement and can take less
than an hour to complete. Note that for both test beds a neutral magnetic field
(MF) environment is required [3] [14].

This thesis focuses on the machine-vision-assisted magnetic test bed, or OMTB,
of Aalto University, validating the novel system for magnetic cleanliness analysis
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by measuring components of the Foresail-1 satellite. Thus, it is worth introducing
Foresail-1 satellite mission purposes and general overview. Foresail-1 mission consists
of a 3-Unit (3U) CubeSat with two scientific and one technological goals. The
technological goal demonstrates a de-orbiting technology for a non-propellant small
satellite. Regarding the two scientific goals, one of them focuses on measuring solar
energetic neutral atoms (ENAs), and the second goal, on measuring the energy and
flux dependent pitch angle spectra of precipitating radiation belt particles. For the
mission to be successful, Foresail-1’s payload includes a PArticle TElescope (PATE)
and a Plasma Brake (PB). Among other subsystems in the S/C’s platform, the
avionics stack comprises the Electrical Power System (EPS), On-Board Computer
(OBC) and ADCS. The payloads and subsystems, fitted in a standard 3U CubeSat
structure, can be seen in Figure 1 [15].

Particle UHF OBC EPS Battery Plasma
telescope radio board brake

3

Figure 1: Foresail-1’s structure without shielding and subsystem location [15]

1.2 Scope and structure

As it has been stated earlier, the scope of the thesis comprises the determination of
the accuracy of the OMTB at Aalto University, including test bed’s improvement
in performance, and identification of the MDM of Foresail-1 satellite’s components.
Hence, the goal of the thesis is to assess the accuracy and error of the machine-
vision-assisted test bed setup for S/C magnetic characterization and possible further
improvement, in order to characterize the MDM of the components of small satellites;
Foresail-1 in this case.

In order to achieve the above mentioned goal, the thesis is structured as follows.
Firstly, Section 1 introduces the thesis’ topic and briefly the Foresail-1 mission,
including the organisation of this thesis. Section 2 explains the current MDM
background and the basic theory needed for this thesis. Followed by Section 3
which presents the above mentioned OMTB setup, including physical and software
components as well as the measurement’s procedure. Section 4 introduces the limiting
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factors of the OMTB and measurements of three permanent magnets, including
the creation of new variables needed for the analysis. Then, Section 5 presents an
error analysis based on the previous measurements and the modification of the data
acquisition of the test bed based on that analysis. In Section 6, new measurements
are performed using the modified system, results of the comparison between the
previous and new three-magnet measurements as well as Foresail-1 components’
measurements are provided and evaluated. Lastly, Section 7 concludes the thesis
with a final evaluation based on the information provided in the thesis, followed by
the bibliography section.
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2 Magnetic dipole measurement

In order to determine the magnetic accuracy of the setup and further evaluation of
the MDM, it is important to understand some key theoretical concepts. Therefore,
this chapter introduces the topics needed to understand the work presented in this
thesis. This includes the theoretical concepts and methods used for characterizing
the magnetic moment of a S/C. This chapter is structured as follows. Section 2.1
introduces key concepts related to attitude representation. Then, Section 2.2 presents
how optical recognition works, including some applications and definitions. In Section
2.3, the term CubeSat and the subsystem in charge of the attitude of the S/C are
explained. Section 2.4 and Section 2.5 are related to the MDM, the magnetic torque
is introduced in the first one, while the techniques for the MDM characterization are
presented in the second one.

2.1 Attitude representation

In order to get a reference on how the attitude of an object is represented, this section
presents and defines key concepts which will be used throughout the thesis work.

Firstly, pose is defined as the combination of position, the location of the object
in space, and orientation, or attitude. A vector can be defined as a single number
(scalar) with a direction, which can be described in terms of its components based
on the coordinate system. A coordinate frame, or a Cartesian coordinate system, is
represented by orthogonal axes which intersect at the origin (normally represented as
X, y and z axes). As stated above, a vector can be represented by unit vectors parallel
to the axes of the frame [19]. Figure 2 displays different coordinate systems, from left
to right: geocentric-equatorial, Local-Vertical /Local-Horizontal (LVLH) orbit and
body frames [20]. The attitude of a satellite relative to the inertial reference frame
(geocentric-equatorial system in Figure 2) can be specified with the direction cosine
matrix, A. This matrix is described using three vectors for each axis (x, y, and z)
with three components each vector, as seen in Equation 1. This matrix can be used
to describe a vector of the body coordinate frame into the inertial reference frame and
it can be obtained using the expression A = A,A 1A 3. The matrix multiplication
order must be from right to left, a 3-1-2 rotation. Matrices A3, A1, and A, are
expressed in Equation 2, Equation 3, and Equation 4 [21], where a rotation of  is
performed in each orthogonal axis.

2 3 2 . 3
X1 X2 X3 Ccos Sin
A = ﬁyl Yo y3% (1) Aj= 9 sin cos 0% (2)
Zy, Zp 23 0 0 1
3 2 .
1 0 0 cos O sin
A;r=30 cos sin & (3) A,=30 1 o0& (@

0 sin cos sin O cos
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Figure 2: From left to right: geocentric-equatorial, LVLH-orbit and body frames [21]

In this brief introduction to the topic, two attitude representations are explained,
quaternion vectors and Euler angles representations. Other representations can be
found in [20].

Quaternion representation

A quaternion is defined as a hypercomplex number, an extension of a complex number,
and it is represented by a scalar (S) plus a vector (V) as [19]

g=s+v= s+V1i+V2j+V3k; (5)

which can be denoted as q = S <Vq;Vy; Vs >. Note that i, |, and K represent the
unit vectors for each of the orthogonal axes, x, y, and z axes, respectively. For
rotations, unit-quaternions can be considered as a rotation of around the unit
vector V. A unit-quaternion can be denoted by ¢ which module is equal to one:
§ = jjqjj = s+ v2+ v3+ vZ = 1. Rotations are related to unit-quaternions as
§ = cos; < ¥ sin5 >, which is similar to the axis angle representation. More
information can be found in [19]. The direction cosine matrix can be written in
terms of quaternions as shown in Equation 6 [21]. Quaternion representation is
normally preferred, since it solves some of the singularities and difficulties other
representations have, like the Euler angles representation.

2

vZ Vi vi+ §? 2(V1Vo + V3S) 2(ViVz  V5S)
A=8 2wv.  Va9) V2 V2 V242 2(Vpvs+ vps) 6 (6)
2(V1V3 + V»S) 2(Vovs  V1S) VZ Va4 vi+ P

Euler angles representation

Another way of representing the attitude of an object, a satellite for instance, is by
using Euler angles. This representation is based on three rotations on each of the
three axes, instead of the earlier mentioned single axis rotation representation. These
Euler angles, or rotations, are also known as pitch, yaw and roll rotations in x, y and
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z axes, respectively. These rotations can be denoted as  for pitch, for yaw, and

for roll. It is important to point out that the final rotated frame depends on the
order of the rotations, as illustrated in Figure 3. Hence, the sequence of the rotations
must be clear for a specific representation. For instance, if the order of rotation is
3-1-2: first in the z axis, then the x axis and finally the y axis, the direction cosine
matrix can be written as shown in Equation 7 [21].

2 L . L .3
COS COoS sin sin sin cos sin + sin sin cos Cos sin
A=% cos sin COS COS sin £ (7)
sin cos + sin cos sin  Sin sin sin COS COS  COS CcoS

_ow %= Xp
il
|\¢::\\

1) S g
I \\ \\\0 Y )
1 Y
|® '\\ Y,
1
U
Z,
Z’) 2

Figure 3: Euler angles sequence rotation, 3-1-2 [22]

Note that the software used in the magnetic measurements of this thesis uses
both quaternions and three-axis rotations representations when estimating the MDM.
In the analysis of Section 5.1, Euler angles are used to describe the orientation of
the markers.

2.2 Optical recognition

In order to detect the pose of the DUT, markers are detected using computer vision.
Optical recognition can be considered as the determination of a certain pattern or
data from an image that is obtained from an artificial visual system. Based on Perry
West [23], machine visionis defined as "the automated collection and analysis of
images to acquire the wanted data for use in controlling a process or an activity".
From this definition, the imagesare processed by a computer, thus they are always
digitized first. In other words, the visual image becomes a matrix of pixels. In case of
a grey-scale image, each pixel gives information only about the quantity of light, as
shown in Figure 4, whereas in case of a 3D images also information of the distance is
collected [24] [25]. Then, in order to analyse this information, the processor compares
the previously established models of the observed world with the information given
by the image [25].
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X ) lllumination

- -

(b)

Figure 4: Grey-scale image [24] (a), and smart camera configuration [23] (b)

The collection and analysisconcepts from the definition of machine vision are
related on how the images are taken and how the post-process is done in order to
obtain the desired data from the picture. To take the images, different configurations
of vision systems are available, mostly involving a camera and a processor [23]. When
the camera and processor are combined, as displayed in Figure 4, the configuration is
known as a smart camera. Regarding the analysis of desired data, as above mentioned,
some previously known features are compared with the picture’s information [26].

Machine vision can be used for different functions such as gauging, tracking,
recognition, verification, etc. In this thesis, the OMTB involves the function of
recognition which can be defined as the determination of an object’s identity by its
characteristics, e.g. size, shape, etc. For a proper recognition, noise ratio, dynamic
range, contrast, etc. and some other details from the picture are important. Besides,
camera’s lens and sensors would also play a key role for a better data acquisition
and recognition [23].

2.3 CubeSats and ADCS

In the last decades, CubeSats have become more and more popular in several ap-
plications such as science missions and testing of technologies like those regarding
astronomy or space weather objectives, mostly by educational institutions [1]. Satel-
lites can be classified based on their application, weight and dimensions. Based
on their mass, small satellites weight approximately up to 300 kg [27]. Inside this
category, nanosatellites range from 1 to 10 kg, and CubeSats fall in this subcategory.
The designation of CubeSat is used for a specific type of nanosatellites. A standard
CubeSat "unit", or 1U, is a 10x10x10 cm cube that weights around 1 kg. These units
can form larger sizes of CubeSats like 2U, 3U and 6U. Thanks to the standardization
of their weight and dimensions, the cost of developing a CubeSat can be considered
low compared to other types of satellites [1] [27].

Once in orbit, there are several types of disturbances that can affect the satellite’s
attitude like gravity gradient torque, shape of the Earth, solar radiation pressure,
magnetic disturbance torques, etc. The ADCS is in charge of determining and
controlling the orientation of the S/C to reach the space mission goals. To control
the satellite, ADCS is equipped with sensors and actuators. Examples of the used
sensors include sun sensors, magnetometers, star-trackers, and earth sensors. The
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function of the sensors is to keep track where and in which orientation the S/C is, so
that the attitude can be corrected if needed. Some examples of the used actuators in

a ADCS are magnetorquers, momentum wheels, reaction wheels, or thrusters. More
details of the ADCS can be found in [28].

2.4 Magnetic torque

Magnetic torques can cause disturbances when a satellite is orbiting. The three
main sources of magnetic torque disturbances are the S/C magnetic moment, Eddy
currents and the hysteresis. The last two can be considered negligible if the magnetic
design of the satellite’s material, construction, subsystems is clean. Thus, the RMM
is considered the main source of magnetic disturbance [28]. Taking into account the
RMM, which is the residual S/C’s dipole moment, the total torque can be expressed
as

Thn=m B; (8)

where the magnetic torque, Ty, is generated by the dipole moment of the satellite,
m in Ae m?, and the magnetic field of the object’s environment, B in Tesla. In order
to reduce this disturbance, the RMM shall be mitigated by calculating the MDM of
the S/C. This thesis focuses on the calculation of the MDM, in other words, on the
magnetic characterization of the DUT.

2.5 Magnetic characterization techniques

As stated above, the RMM compensation increases the accuracy in the orientation
and pointing of the S/C. The MDM shall be estimated properly in order to cancel
the magnetic torque disturbance [4]. Therefore, magnetic cleanliness analysis of
the satellite is useful to reach a low and stable RMM [7]. Magnetic cleanliness
programs usually involve how the S/C is designed in order to avoid any undesirable
magnetic torque produced by the materials, construction, etc. which can generate
other local MFs [3]. As stated above, in order to maintain a tolerable RMM and
be able to mitigate it, the MDM characterization should be measured accurately.
Different techniques for MDM analysis are presented in [5], and briefly in [29]. These
techniques include:

1 Direct torque measurements, using coilless systems
2 Direct torque measurements, in a controlled field

3 Pulse resonance technique

4 Ambient field mapping

5 Mapping inside a field-free region
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The description and explanation of the first four methods can be found in [5]. This
thesis focuses on the MDM measurements using the fifth method, which has been
commonly used for magnetic characterization of satellites. The required field-free
region is produced by a 3-axis Helmholtz cage in this thesis. For large satellites, the
production of a large enough zero-MF environment for the measurement is expensive
and difficult. Therefore, smaller subsystems and parts of the large S/C can be
measured instead. In the case of small satellites, this method is commonly used
since a smaller field-free region for small subsystems, or CubeSats, is more feasible
to generate with a less-complex system [5].

Using mapping in a zero-MF region for small satellites or components, a 3-axis
Helmholtz cage is normally used for creating the field-free region required. The
process of the measurement or mapping varies depending on how the readings are
taken. This method can be used in a mechanical magnetic measurement, where the
DUT is rotated in one or more axis surrounded by one or several magnetometers, as
illustrated in Figure 5. For each new pose of the DUT, the relative pose between the
DUT and the magnetometer(s) must be known during the entire measurement. Since
the measurement has to consider all relative poses of the DUT and magnetometer(s),
it can be tedious if the process is not automated. Note that the automation of this
process might involve a costly and complex system to rotate the DUT. Depending
on the application, the equipment needed might differ from one mechanical test bed
to another [30] [3] [8].

(a) Mechanical test bed [5] (b) Optical test bed [14]

Figure 5: Magnetic test beds for MDM characterization of satellites

Another way of taking the measurements which is applied recently is using machine
vision placed in the optical test bed, as it can be seen in Figure 5. This technique
is used in OMTBs in which a vision system is recognising the poses of the DUT
and magnetometer(s) by recognising optical patterns placed on them. The visual
recognition system algorithm can vary depending on the pattern or system used to
recognize the object(s); markers with a determine pattern can be used, for example.
This approach does not involve complex equipment, the DUT can be placed in an
air-bearing platform and the magnetometer(s) in a fixed position. More details about
this technique using optical test beds can be found in [2] [14].
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3 Description of the optical magnetic test bed

In this section, the OMTB set up is presented and described for each of its components,
as well as the procedure involved in taking a measurement using the machine-vision-
assisted test bed at Aalto University. This information is needed in order to have a
good understanding on what is the system composed of and how the measurements
are carried out. Regarding the organisation of this section, Sections 3.1 and 3.2
present an overview the whole system and components of the OMTB, including
the software needed for the magnetic measurements. Section 3.3 describes how the
measurements are taken, explaining each step needed.

3.1 Physical setup

Regarding the physical test setup, all components considered are listed below. All of
them have a role within the system, these roles are explained in the following lines
for each of the components. The OMTB setup consists of:

1 3-axis Helmholtz coils cage
2 Magnetometer

3 DUT

4 ArUco markers

5 Camera and support

6 Background isolation paper

7 Control software

The Helmholtz coils is configured with three pairs of coils in Helmholtz con-
figuration, that is a three-axis Helmholtz coil cage. This configuration is named
after Hermann von Helmholtz, a German physicist. The device is used to create an
approximate uniform MF in between the pair of coils, when a current is flowing in
the same direction in each coil [16]. The coils in this setup are used to generate a
MF which cancels Earth’s MF in all three axes. This is done to create a nearly zero
MF inside the coils, in the order of tens of nano-Tesla (nT), and be able to measure
residual magnetic properties of the DUT.

This device is controlled via the Helmholtz coil control software from Bartington
Instruments. For this purpose, other components connect the magnetometer and
the coils are used: a CU1 Helmholtz coil system control unit, a PA1 power amplifier
and, sometimes, a CU2 closed loop module with a sensor. This last component is
used to cancel the MF inside the coils in an easier and faster way than manually.
However, CU2 module is canceling the field in the order of tens to hundreds of nT
depending on the axis for this OMTB setup. Hence, a better cancellation can be
reached manually, which is explained in Section 4.
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The magnetometer used for the measurements is a three-axis MF sensor from
Bartington Instruments, Mag-13, which provides high precision measurements of
alternating and static MFs. More details of the sensor are given in [17]. The device
is fixed inside the Helmholtz coils in a central wooden platform which places the
magnetometer within the camera’s field of view (FOV). The readings from the
magnetometer will be processed by a MATLAB script which plots the measured MF
in the DUT coordinate frame.

The DUT refers to the component that is being tested with the setup. The
output of the system provides the magnetic properties data of the DUT, so it can
be processed for its MDM analysis. The DUTs can vary in shape and weight, and
different DUTs will be presented in the following sections. Following the components
list, the ArUco markers are placed in both the magnetometer and the DUT, where
the number and location differ for one DUT to another depending on the DUT’s
geometry. Fach of the markers placed on the DUT has its own pattern so it can be
distinguished perfectly from each other. The markers are provided by the official
website [18] [32], and they all shall have the same dimensions for the magnetic
measurement.

Related to the detection of the markers, the camera used is a Jevois - A33 smart
video camera [18], which detects any visible ArUco markers inside its FOV. It also
extracts the orientation of each marker based on instructions given by the script to
be explained in Section 3.2. The video camera is fixed in a tripod to measure steadily
and to regulate the angle, distance and height. A small DUT can make some of the
magnetic measurements easier to perform: the camera might not need the support
since it can be held with one hand and the DUT can be rotated with the other one.

Lastly, the background isolation paper prevents the external environment to
confuse camera’s detection. In some cases, the camera can detect combinations
of objects or shadows as ArUco markers although these markers do not exist. In
this way, the interference with the physical ambient is minimized so the camera is
perfectly able to detect and extract the correct information from the markers defined
in the MATLAB script [32].

The following figure shows a general overview of the setup’s configuration. In
Figure 6, the camera is fixed in a long configuration and it is explained in Section 4.
All measurements in this thesis have been performed with the camera fixed in one of
the configurations introduced in Section 4.

3.2 Data-processing software and programs

In this section, the software and programs used to take the measurements with the
above setup are presented. The main data-processing software is MATLAB which
different scripts and functions take, process and analyse the information from the
raw data given by the camera and the magnetometer.

Therefore, several MATLAB scripts are used in order to get all the needed
information. One of these scripts takes the main measurement, the second one
removes the ambient MF from the magnetometer and the third one estimates the
position and magnetic properties of the measured data. It is worthy to point out
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Figure 6: OMTB setup for MDM measurements

that all of these scripts use specifically created functions to plot the magnetic dipole
vectors’ position and characteristics, for example, or to use heuristics for different
applications such as fusing several marker data. The details of the modifications
of some algorithms and scripts for the purposes of this thesis will be given in the
following sections. More details on the creation, function and application of these
scripts and algorithms can be found in Bagus Riwanto’s work [2].

For Mag-13 to be controlled, Bartington Software is used, as illustrated in
Figure 7 and Figure 8. Bartington screens display several options for using the
magnetometer which is connected to the computer through the National Instruments
(NI) components described in Section 3.1.

In Figure 7, once the type of magnetometer is chosen (BH1300-3-C in our case)
from the up-right corner display, the three values underneath need to be tuned for
each axis which are multiplied by the first most left value, 0.1 in this case. Also, the
DUT "PSU" value, shown in Figure 7, should be between 12 - 17 V. In this thesis, 15
V has been selected for all the measurements, and using a DC signal the x, y, and z
axes have been turned on from the signal and output option columns, as illustrated
in Figure 7. The values shown in Figure 8 correspond with the readings from the
magnetometer for each axis. These values are chosen to be displayed in Tesla.

For taking the information and video feed from the camera, AMCam is the
software used to display the camera vision in order to crosscheck and be able to
detect the markers’ position within its range of view; this can be seen in Figure 9.
Meanwhile, another software program, called VC-software, splits the physical port
connecting the camera and the computer into two virtual ports. This way AMCam
and the MATLAB script can use the data from the camera at the same time.
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3.3 Magnetic measurement workflow

In this section, the process of taking a measurement is described in order to have a
general overview of how the whole procedure is performed. Thus, the general steps
are explained and the following order:

1 Preparation of the DUT and camera, and turning on the Helmholtz coils
2 Cancellation of the MF inside the Helmholtz coil cage

3 Take notes of the current MF environment before measuring

4 Take the actual measurement using the DUT

5 Take notes of the current MF environment after measuring

6 Preparation data and values for post-processing

7 Removing the ambient MF

8 Estimation of the MDM'’s position and magnitude

9 Analysis of the results and follow-up

Firstly, the Helmholtz coils” PA1 Power Amplifier is turned on to be warmed up
for the measurement, which takes around 15 minutes. Meanwhile, the DUT and
camera has to be prepared for the measurement. The camera is fixed with a tripod
in an specific place for a burst of collecting data, its position normally does not
change during the whole measurement. However, the camera’s position can change
if a better detection is required. When preparing the DUT, this normally involves
placing the DUT in a structure which supports the device and have visible markers
on the surface. For verifying the OMTB, a 50-mm polylactic acid (PLA) cube is
used as the structure for three permanent magnets placed carefully underneath one
of the total six markers. For further magnetic tests, the DUT can be a chosen
component(s) inside of a harness with the markers. Any extra information needed for
the measurement is also registered for a later use, such as: position, properties, input
current or other observations about the measurement. Before starting the next steps,
the magnetometer is fixed in a wooden structure inside the coils and the markers’
pose is checked.

Secondly, Earth’s MF and other disturbances need to be cancelled inside the
coils. In order to do this, several values for each axis are tested using the Bartington
Control software where the readings using those values should be in the order of
tens of nT. This tuning process considers three values in order to obtain a near-null
MF that is crucial for a correct measurement for each axis. Since the final data is
estimating magnetic properties, they can be altered considerably if the MF is not
properly cancelled. Note that the DUT is placed outside the coils where it does not
disturb the ambient MF and the tuning process.

After tuning, the current reading from Bartington software shall be noted for
the further analysis of the measurement. Since the MF will never be exactly zero,
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these non-zero values will be used to remove the ambient MF from the final data
and to check if this MF has changed after the measurement; a screenshot and use
of the values in MATLAB is used for this step. Bartington Software shall stop the
readings at this moment, so the MATLAB measuring script can collect and use the
magnetometer’s readings.

In the fourth step, the measurement is performed by running the MATLAB script
which collects the data from both the camera and the magnetometer. The camera is
detecting the markers of the magnetometer and the DUT in several positions and
distances. The magnetometer is fixed and the DUT is rotated and moved slowly
around the magnetometer and inside the FOV of the camera. Data points are taken,
usually between 500 and 1000 measured points, until most or all area is covered with
readings. MATLAB script is plotting the MF vector and position while taking the
readings, so that preferred positions or areas that are not covered can be spotted
easily and adapt the DUT pose if needed. When the measuring script is finished
and all the wanted poses are measured, the MATLAB work space is saved for future
analysis and the DUT is placed in its original position where it does not perturb the
ambient MF'.

Then, the ambient MF after the measurement is noted from the Bartington
software as it was done before the measurement. All the values will be used in a
MATLAB script which will remove the ambient MF of the measurement. At this
moment, the variation in the MF before and after the test can be seen. These values
are affected by several factors which will be discussed in Section 4.1. The sixth step
includes adding the values of the MF environment from before and after the test,
and adding any other data that is needed for the MATLAB script to run.

In the seventh step, the ambient MF is removed from the measurement by adding
the values noted in the steps three and five, which will be averaged and removed
from each measured pose. This will result in a non-biased data which can be used
for the estimation in the eighth step.

At the eighth step, the position and magnitude of the MDM are estimated for
each axis and the final strength. A plot that shows the position(s) and strength(s)
of the magnetic dipole(s) in the DUT coordinate frame is generated. For this script,
the data should not be affected by the ambient MF for a more reliable result. The
estimation results are produced by a script which uses a Particle Swarm Optimization
(PSO) method. In this script, the assumed number of dipoles is needed for the PSO
in order to generate the estimation of the measurement. After several iterations and
lowering down the best fit value, the final estimation results are displayed in a plot.
More details about the development of the PSO can be found in [2] [30].

The last step involves an analysis of the estimation and comparison with the
specification or expected values. The position and magnetic properties of the MDM(s)
are checked in order to see how good the results are. A follow-up is considered for im-
proving the next set of measurements, and also to check if there are any non-expected
results or something went wrong when performing the magnetic measurement.
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4 Optical magnetic test bed: behaviour analysis

In order to identify the accuracy of the setup, it is necessary to identify the factors
involved and analyse different scenarios based on those factors. Thus, this section
performs measurements in several scenarios to understand how the system behaves.
Based on this behaviour, an analysis to determine a more accurate magnetic moment
is considered for future measurements. This section is organised as follows. Section
4.1 identifies which factors are relevant for accuracy and error analysis. Section 4.2
presents the measurements gathered in different scenarios. Section 4.3 describes the
system behaviour and reviews the results for its future use and improvement.

4.1 Magnetometer, environment and camera detection

In this section, key aspects of the measurement performance are point out for a
further improvement and analysis of the OMTB. The main factors affecting the
accuracy of the results are in the following list. Each one of these limiting factors
are presented:

1 Base sensitivity of the magnetometer
2 Environment where the magnetometer and cage are placed

3 Camera’s detection for the position and orientation of each marker

The sensitivity of the magnetometer can reach the order of hundreds pico-Tesla
(pT), which is desired. Nevertheless, the usual order that is obtained for the compen-
sation values in each axis is around tens n'T, which is considered to be accurate enough
for performing the measurement. Note that the step between the magnetometer’s
readings is not continuous and can vary from pT to nT. Normally, the values do not
jump significantly in the range of nT, but they do if there is a change in the external
environment in the laboratory.

For generating a field-free region inside the Helmholtz cage, two approaches can
be done: using a closed loop sensor, or manually tuning the values; as mentioned
in Section 3.3. In Table 1, the comparison between these two approaches can be
seen. Based on the experimental data, the manual tuning method was found to be
the best one, since it focuses on getting the closest near-to-zero value by tuning
the scale factors accordingly. Note that this approach might be the best one at the
moment, but it also takes much more time than the closed loop sensor approach,
which tunes the compensation values internally and gives the readings right away.
For each measurement, these values need to be re-checked and tuned again if needed.
The column "Not yet used" displays how these readings can vary over time from the
last tuning. Note that the unit micro-Tesla is denoted as uT in Table 1.

The second aspect refers to the external factors affecting the ambient MF inside the
Helmholtz cage, which affect the readings from the magnetometer. It is important
to point out that the cage is placed in a changing environment, concerning the
magnetic properties of the components that are in the OMTB’s surroundings, and this
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Values Axis | Not yet used | Closed loop Manually
X last value used 1 best tuned value
Scale factors last value used 1 best tuned value
last value used 1 best tuned value

100 nT - 10 uT | 10 -50 nT 10 - 50 nT

100 nT - 10 uT | 50 — 200 n'T 10 - 50 nT
100 nT - 10 uT | 200 — 500 nT 10 - 50 nT

Output readings

N |< | XN

Table 1: Comparison between output readings for a closed loop and manual tuning

environment should remain as much stable as possible when performing measurement.
The possible external factors surrounding the Helmholtz cage that can compromise
the measurement are, for instance, people with laptops and other possible magnetic
objects like chairs, cables, or other machines in the laboratory. All of these external
variations are kept as still as possible during the measurement, so the overall magnetic
environment seen by the magnetometer is not affected greatly. These disturbances
in the ambient MF are between tens to hundreds of nT depending on the external
factor properties and distance to the magnetometer.

Taking the above mentioned into consideration, the values of the ambient MF
before and after the measurements are loaded into a MATLAB script using Algorithm
1. This algorithm is used to remove the ambient MF from the MF readings of the
data acquired in the measurement. In this way, the estimation and further analysis
can be considered more reliably and accurately.

Algorithm 1 Ambient MF remover algorithm
load measurement_data

{Before- and after-measuring Bartington software’s values, in nT:}
ambient_before = mean([ Xo1 Yo1 Zo1; Xo2 Yo2 Zo2; Xo3Yos Zo3; ;1)
ambient_after = mean([Xs1Yr1Zr1; Xi2Yr2Zi2; Xi3YiaZis; |1 1)
ambient_Bartington =[ ambient_before; ambient after ; ]’

{Average of the values of the Bartington before and after the test:}
ambient_s = mean( ambient_Bartington; 2)

_ =
— O

: {Ambient MF is rotated in DUT frame:}
: bPMAGmM_B = rotateframe (conj(qMAGmM) gDUTm; ambient s9
:bs=bs bMAGmM B’ {b s now is modified}

T =

: Run inverse_ M DM script for estimation results

The last factor which limits the accuracy of the OMTB is the camera’s detection.
The camera needs to be able to obtain the correct pose for each marker. However, all
configurations are not easy for the camera to detect properly. The camera’s detection
can sometimes get confused with other non-existent markers in the image. For solving
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this problem, a background isolation paper is used, as explained earlier in Section 3.1.
When taking the measurements, it can be seen how in some configurations of the
DUT, the marker detected starts blinking or switches the orientation. This behaviour
changes depending on the way the marker is facing the camera, and the distance
between the marker and the camera. Table 2 shows a strong relationship between
how the marker is detected and its distance to the camera. The axes of the marker
facing the camera are: x-axis towards left horizontally, y-axis upwards vertically and
z-axis towards the camera lens. Note that the same size square marker of 37.7 mm
was used at all distances. The values are expressed in degrees, except the distance.

Orientation | Distance | No detection | Detection | Hard to detect
0.10 30.84 - 43.39 49.01 77.01
+ y-rotation 0.15 15.33 - 42.47 48.18 75.36
0.39 None 19.70 66.46
0.10 29.55 - 60.87 64.19 78.08
- y-rotation 0.15 12.01 - 55.59 59.55 74.52
0.39 None 12.71 69.78
0.10 31.24 - 71.73 81.2 85.53
- x-rotation 0.15 18.43 - 72.72 80.54 79.40
0.39 None 35.13 68.52

Table 2: Types of detection based on distance, in meters, and angles, in degrees

In the next section, different distances between the markers and the camera, and
several magnets are tested in order to see how the OMTB behaves. Their measure-
ments are performed taking into consideration the limiting factors as explained in
this section.

4.2 Test bed testing and evaluation

In this section, as earlier stated, three permanent dipole magnets have been measured
in order to verify the accuracy of the setup by estimating their MDM. The camera has
been fixed in two configurations: one closer to the markers, and another further away
from the markers. Both estimation results will be compared for each of the magnets
to see how the marker-to-camera distance affects the measurement estimations. In
Figure 10 and Figure 11, both of these setup configurations can be seen, with a
distance of 20 cm and 35 cm approximately, respectively.

Short and long configurations are illustrated in Figure 10 and Figure 11. In
addition, the DUT used for these testing measurements can be seen in Figure 12, and
the location of the marker in the magnetometer is shown in Figure 13. The DUT is
a PLA 3D-printed cube of 50x50x50 mm? where all faces are covered by a 37.7 mm
x 37.7 mm marker, six markers in total. The following three sections focus on the
magnetic measurements of three permanent magnets using the DUT, magnetometer
and configurations, illustrated in the figures already mentioned above.
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Figure 11: Setup with the camera fixed in a further configuration from the target

4.2.1 Verification: permanent magnet E122

The first magnet used to verify the OMTB system is labeled as E122. The magnitude
of the magnetic moment of the magnet E122 is calculated using Equation 9, as

B
Me122 = — VE122; (9)
0

where B, is the residual flux density of the magnet in Tesla, ¢ is the magnetic
permeability in Henries per meter (H/m), and V is the volume of the magnet in m3.
Considering that the magnet E122 is a small cylinder with a height and diameter of
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Figure 12: DUT used for the dipole magnets: PLA cube with 6 markers

Figure 13: Magnetometer used for the measurements: Mag-13, with one marker

1.7 mm, the magnetic moment of the magnet E122 is

o _ 143010 3 (1:7 10 3
El227 1.2566 10 © 2

Once the magnetic moment of the magnet E122 has been determined, the magnet
is placed in the DUT. The magnet’s location chosen is underneath the center of
marker 6 in a cylindrical 8 mm deep hole. The dimensions of the DUT and magnet
are known, 50 mm x 50 mm x 50 mm. Taking this into account, the position of the
magnet can be deduced knowing the origin is in the center of marker 1. The location
of the magnet E122 in the DUT can be seen in Figure 14. Table 3 lists the values of
the position and characteristics of the permanent magnet E122.

)2 1.7 10 ®=0:0039A m? (10)
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Figure 14: Location of E122 permanent magnet on the DUT

Magnet E122
Characteristic Value Unit
Name label E122

Position x-axis 0.0000
Position y-axis 0:0179 m
Position z-axis 0:0230
MDM x-axis 0:0000
MDM y-axis 0:0039 2
MDM z-axis 0:0000
MDM magnitude | 0:0039

Table 3: Magnet E122’s features and position in the DUT

Once the MF inside the Helmholtz cage and the setup is ready, the two measure-
ments can be performed using a long-distance and short-distance configuration. For
both configurations, the procedure explained in Section 3.3 is followed. Note that the
ambient MF at the beginning and at the end of the test has been considered in order
to remove it using Algorithm 1 in Section 4.1. After the removal, the estimation of
the MDM is performed, as explained in Section 3.3, and the plots of the estimated
MDM in the DUT frame are generated.

The first magnetic measurement of the magnet K122 uses the long configuration.
After the measurement procedure, the estimation of the MDM can be seen in Figure 15;
a close-up figure of the same plot is displayed in Figure 16. The second magnetic
measurement using the short configuration is then performed. The estimation of the
MDM in the second measurement is shown in Figure 17 and a close-up is displayed in
Figure 18. In Table 4, the values estimated for the two configurations are presented
next to the actual values, also referred as specification values of the magnet E122.

As it can be seen in the estimation plots, the MF lines are as expected, where
only one dipole with small magnitude appears. A comparison between the two
configurations and the magnet’s specification values is presented in Table 4. This
table also provides information about a value named fGBest. The fGBest represents
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how well the estimated MDM is fitted compared to the measured MF in each data
point. More details can be found in [2].

Characteristic Actual | Long conf. | Short conf. | Unit
fGBest - 1.2580 0.3211
Position x-axis 0:0000 0:0018 0.0012
Position y-axis 0:0179 0:0143 0:0186 m
Position z-axis 0:0230 0:0256 0:0237
MDM x-axis 0:0000 0:0004 0:0006
MDM y-axis 0:0039 0:0045 0:0061 A w2
MDM z-axis 0:0000 0:0002 0:0002
MDM magnitude | 0:0039 0:0045 0:0062

Table 4: Actual vs estimation values for magnet E122 - long vs short configurations

Regarding the comparison in Table 4, the f{GBest value is lower in the short
configuration, and the position results are similar in both configurations. For the
magnetic moment results, the component with the strongest moment is displayed
as expected, in the y-axis. Based on the estimation and specification values, the
calculated percentage errors for the long configuration are 16.369 % in dipole position
and 15.996 % in MDM estimation. A 5.483 % in dipole position and 57.76 % in
magnetic dipole estimation are obtained for the short configuration. Considering the
magnitude of the MDM, the long configuration produces the least error compared to
the specification value. But this last aspect can be also be due to the limitations of
the real environment. In general, the short configuration presents better estimation
results.

4.2.2 Verification: permanent magnet E317

Next, a stronger magnet has been chosen for testing: the magnet E317. Testing a
stronger magnet can be useful to validate that the OMTB is able to estimate different
types of dipole moments. The magnitude of the magnetic moment is calculated
based on the same equation, Equation 9, using the new dimensions of the magnet
E317. The magnet E317 is a 5 mm x 5 mm x 2 mm cube, which volume is different
from the previous magnet. The other parameters of the equation, By and ¢ remain
the same. The calculation of the magnitude of the magnetic moment of the magnet
E317 is presented in Equation 11,

_ 1430 103

Mes = 1.2566 10 © (1)
where the terms used are in the same units as in the calculation of the magnitude
of the magnetic dipole of the magnet E122. Note that the volume in this case is

Ves17=5 5 2=50 mmior5 108 mS.
Once the magnitude of MDM for the magnet E317 has been determined, the
magnet’s MDM can be validated using the OMTB. The same steps as for the magnet
E122 are followed. The location of the magnet E317 is in the center of an 8 mm

(5 10° 5 103 2 10 3) =0:0509A m?;
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deep hole cylinder behind marker 6 of the DUT. The coordinates of the position of
the new magnet are different due to the geometry of the magnet. The origin remains
the same as for the previous magnet, in the center of marker 1. The location of the

magnet can be seen in Figure 19, and the magnet E317’s specification values are
listed in Table 5.

Figure 19: Location of E317 permanent magnet on the 3D-printed cube

Magnet E317
Characteristic Value Unit
Name label E317

Position x-axis 0:0011
Position y-axis 0:0180 m
Position z-axis 0:0250
MDM x-axis 0:0000
MDM y-axis 0:0509 2
MDM z-axis 0:0000
MDM magnitude | 0:0509

Table 5: Magnet E317’s features and position in the DUT

From this point, the same procedure as used for the magnet E122 is performed for
the magnet E317. Therefore, the cancellation of the ambient MF inside the cage, the
setup using a long and short configuration, the removal of the ambient MF and the
estimation of the MDM are performed in the same way. The plots of the estimation
are also presented and can be seen in Figures 20 - 23. In addition, Table 6 presents
a comparison between the actual values, or specification values, and the estimated
ones for the magnet E317.

The magnitude of the MDM and its location are shown in blue in the plots. As
it can be seen, the magnitude is bigger than in the previous magnetic measurement.
The MDM vector is displayed as expected. The MF lines are coherent with the
estimation of the MDM. From the previous measurement, it has been observed that



39

E317 Dipole Moment Estimation - Long Conlfiguration
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Figure 20: Magnet E317 MDM estimation in a long configuration setup

E317 Dipole Moment Estimation - Long Configuration

Sensor position
100 - Dipole estimate
50 —
— 04
g
£
]
S0 : ~"§<\
-100 -] AT L NN
EE= NS
Sene— =1 ¥ PN
h LS AT p i
~150 — gy,
N SN,
T I T T I T
100 50 0. 50 100 -0 Y )
Uy mm] J‘mm]

Figure 21: Close-up MDM estimation of Figure 20



E317 Dipole Moment Estimation - Short Configuration
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Figure 22: Magnet E317 MDM estimation in a short configuration setup
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Figure 23: Close-up MDM estimation of Figure 22
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more data points are related with a more accurate approximation in the estimated
MDM and MF. Hence, these measurements have 720 - 800 data points each, and
the measurement of the magnet E122 has around 500 measured points. The values
of the position and magnetic properties of the MDM are presented in Table 6 for the

magnet E317.

Characteristic Actual | Long conf. | Short conf. | Unit
fGBest - 1.5875 0.3028
Position x-axis 0:0011 0:0007 0:0023
Position y-axis 0:0180 0:0176 0:0205 m
Position z-axis 0:0250 0:0241 0:0259
MDM x-axis 0:0000 0:0039 0:0013
MDM y-axis 0:0509 0:0348 0:0469 A w2
MDM z-axis 0:0000 0:0013 0:0002
MDM magnitude | 0:0509 0:0350 0:0469

Table 6: Actual vs estimation values for magnet E317 - long vs short configurations

As displayed in the table, the short configuration presents better results in
general, particularly in the magnitude of the MDM. For the estimated position,
both configurations seem to have similar results. However, regarding the magnetic
features, the estimation is more accurate in the short configuration. The best method
to observe this is by calculating the percentage error for the position and MDM
estimation for each of the configurations. For the long configuration errors of 6.622
% in position and 31.171 % in MDM estimation are observed, while for the short
configuration the errors are 9.539 % in position and a 7.8345 % in MDM estimation.

4.2.3 Verification: permanent magnet E200

The last permanent magnet considered in this thesis is the magnet E200, the strongest
one used for the permanent magnet measurements. The MDM of the magnet
E200 is determined in Equation 12, and it has been chosen in order to see how
the system behaves with a strong magnet inside the non-saturation region of the
magnetometer Mag-13. Using this magnet several attempts have been performed to
properly determine its MDM and MF when using the long configuration. During
the measurements, the MF could have been disturbed due to changes in the lab
environment. In order to perform the measurements, first the theoretical magnitude
of the MDM of the magnet E200 is calculated

1430 10 8

Meaoo = Toeee 706 (10 10 ® 10 10 ® 5 10 %) =0:5093A m?;

(12)
where the magnet E200 is a 10 mm x 10 mm x 5 mm cube. The other two terms in
the calculation remain the same. The magnet’s position in the DUT is located in
the same way as for the other magnets. However, the coordinates vary due to the
change in the dimensions of the magnet E200. Figure 24 illustrates the location of
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Figure 24: Location of E200 permanent magnet on the 3D-printed Cube

Magnet E200
Characteristic Value Unit
Name label E200

Position x-axis 0:0000
Position y-axis 0:0195 m
Position z-axis 0:0250
MDM x-axis 0:0000
MDM y-axis 0:5093 2
MDM z-axis 0:0000
MDM magnitude | 0:5093

Table 7: Magnet E200’s features and position in the DUT

the magnet in the DUT, and Table 7 displays the specification values for the magnet
E200 based on its characteristics and placement.

After all values are collected, the same measurement procedure as for the other
two magnets is performed. The magnetic measurements are performed using the two
configurations used in the other measurements as well, long and short. Figures 25 -
28 display the estimation plot for the MDM of the magnet E200. Table 8 provides a
comparison between the estimation results and the specification values of the magnet
measured.

As it can be seen in the plots, the arrows are much bigger compared to the other
magnets due to the strength of the magnetic properties of the magnet E200. The
MDM estimation, position and magnetic moment characteristics, are displayed in
blue in the estimation plots. The shown results are as expected since the magnet
E200 is stronger than the other magnets measured. In these estimation plots, the
MF lines are more difficult to distinguish due to the bigger arrows and the large
amount of data points, around 700 - 800 points measured.

Besides, note that the MDM directions are opposite in the long and short
configurations. The direction of the MDM is different because the magnet was
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Figure 25: Magnet E200 MDM estimation in a long configuration setup
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Figure 26: Close-up MDM estimation of Figure 25
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Figure 27: Magnet E200 MDM estimation in a short configuration setup
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Figure 28: Close-up MDM estimation of Figure 27
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flipped in the second measurement. For the long configuration, several measurements
needed to be performed in order to have a correct estimation. The orientation of the
magnet E200 was flipped in the DUT when repeating some of the testings. Table 8

displays the estimated values and compare them to their actual values.

Characteristic Actual | Long conf. | Short conf. | Unit
fGBest - 0.6524 0.6075
Position x-axis 0:0000 0:0000 0:0041
Position y-axis 0:0195 0:02111 0:0152 m
Position z-axis 0:0250 0:0269 0:0263
MDM x-axis 0:0000 0:0019 0:0627
MDM y-axis 0:5093 0:4564 0:3986 A w2
MDM z-axis 0:0000 0:0064 0:0210
MDM magnitude | 0:5093 0:4565 0:4041

Table 8: Actual vs estimation values for magnet E200 - long vs short configurations

By studying Table 8, both fGBest are pretty similar. Even though the short
configuration has closer results to the specification values, the estimation results for
the long configuration are more accurate. Based on these results, the percentage errors
are 7.864 % in position and 10.37 % in MDM estimation, for the long configuration.
For the short configuration, a 19.25 % in position and a 20.663 % in MDM estimation
are obtained. By comparing the results, in this case better results can be observed
in the long configuration.

4.2.4 Summary: permanent magnets verification

After evaluating three different permanent magnets, it can be concluded that not
only the long and short configurations affect the estimation results but also how
well the measurement is performed. Taking these observations into account, for
example, the results can be improved if there are less magnetic disturbances from the
surroundings; and also, by measuring the DUT poses where the markers are more
visible and the rotation is stable. The detection is related to the distance between
the camera and the marker, since some poses present difficulties in their detection.
Considering all the errors of the measurements, an average percentage error can be
calculated for each configuration. A 10.3 % in dipole position and 19.2 % in dipole
moment, for the long configuration, while a 11.4 % in dipole position and 28.8 % in
dipole moment, for the short configuration, are calculated.

The results are affected by external and limiting factors already considered and
presented in Section 4.1. In other words, how well the MF was cancelled and what
are the magnetic disturbances in the lab that can also affect the estimation results.
Also, the DUT does not move completely steadily when it is rotated in all poses. In
order to better understand the system’s behaviour new variables need to be created
and defined based on these observations. These new variables are introduced in the
following section.
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4.3 View area and pointing angle

In this section, the concepts of View Area (VA) and Pointing Angle (PA) are presented,
as well as a method used to calculate and use them accordingly. As it has been
observed in Section 4.2, the estimation of the testing measurements is affected by the
distance between the camera and the markers, since the markers are more difficult to
detect further away from the camera which could generate wrong pose data points
during the measurement.

VA refers to the percentage ratio between the area of the marker over the area
of the camera’s visual. Therefore, as the marker gets closer to the camera, its VA
increases; since there is a larger marker area in the camera’s FOV. This is a key
concept defined in such way that it can be used for different distances and marker
sizes, since the variable VA is independent from them. VA is implemented and
calculated as presented in Algorithm 2. Consequently, VA is mathematically defined
as follows

VA = 2 100= 22 100 [in %] (13)
A Apx

where a is the area of the marker in meters, A is the area of the visual in meters, apy
is the marker’s area in pixels, and Apy is the total screen area in pixels. Note that
Apyx is a straightforward calculation by multiplying screen’s width with its height in
pixels, 640 px x 480 px in this case. When it comes to @, it is extracted directly
from the picture by using an image software which measures the area selected in
pixels.

For the VA calculation, based on the raw data from the camera, A and a can
be obtained. Firstly, A is calculated based on the FOV, horizontally and vertically
as shown in Algorithm 2, and the distance between the camera and the marker.
Horizontal FOV is 65 degrees, provided by the Jevois A-33 camera specifications [31],
and vertical FOV is calculated based on the horizontal FOV. Secondly, the method
used to calculate a needs to be cross-checked with the experimental area, apy, which
is compared to the calculated a in Algorithm 2. The algorithm uses the marker’s
size and the projections of the x-axis and y-axis rotations, given by the detected
marker’s orientation from the camera.

Regarding the comparison between the VA using a (VA experimental ) VS Using apx
(VApx), a correlation between them can be seen. An average ratio which can be
named as visual corrector factor is needed in the calculation inside the algorithm
of the VA experimentar  to match the real VA, which is calculated directly from the
images. This range of values over the distance can be seen in Figure 29, which can
be considered as the visual effect from the camera when calculating the actual area
vs the image’s area. By taking this into consideration, VA eyperimenta s calculation
can be corrected using this ratio which can be named as visual corrector. This visual
corrector has been inferred from the comparison of at least 60 % of all the data’s
apx and @, which can be seen in Figure 29. The factor used as a corrector in the
calculation of VA is the mean value of the comparisons; which gives the best output
for the calculation. The value of the corrector is 1:5977

Alternatively, another main concept of this section is the PA (introduction of
the Euler angles can be found in Section 2.1. This term can be defined as the angle
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Figure 29: Visual corrector factor VA ,x=VA at different marker to camera distances

between the z-axes of the camera and the marker. It is zero degrees when the axes
are parallel and in opposite direction. In other words, when the marker is fully facing
the camera. Hence, based on this definition there can be two options: PAp, which is
the angle between the marker’s z-axis and the horizontal plane where the camera’s
z-axis is placed; and PA, which is the angle formed by the vertical plane where the
camera’s z-axis is located and the marker’s z-axis. By using these two angles, the
z-axis of the marker, its pointing angle, is completely defined since the rotation in
the z axis does not provide any extra information of the orientation of the marker.

Consequently, these two variables are combined into a single one which can be
called combined PA, or simply PA. This variable is defined as the axis angle provided
by PAy (x-axis rotation) and PA, (y-axis rotation). The axis angle is calculated
based on all three rotations in the x, y and z axes. The z-axis rotation, or roll angle,
has been evaluated in Table 9 to check if it can affect the other two rotations. If
the roll angle does not affect the other ones, this angle can be considered zero when
calculating the axis angle. Therefore, the PA would only be described by the x and
y rotations. The z-axis rotation effect on the other two axis rotations should be
zero theoretically. In order to check this behaviour, three configurations have been
tested with different PAy and PA, combinations and an approximate zero roll angle.
Then, keeping the x rotation, yaw, and the y rotation, pitch, while changing the roll
rotation in order to see if there is any change in the other axes.

Note that all angles provided by Table 9 are in degrees. Based on the results of
Table 9, the effect of the roll angle over the pitch and yaw angles can be considered
negligible. No effect can be seen on the PA when changing only the roll angle. Hence,
when determining the axis angle for the combined PA, the roll angle can be set as
null. The algorithm used in MATLAB for calculating the VA and PA variables is
presented in Algorithm 2. In Section 5.1, several combinations of VAs and PAs are
tested in order to evaluate the accuracy of the camera’s detection.
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Pitch (x rotation) | Yaw (y rotation) | Roll (z rotation)
Test 1 71.8327 0.5327 -0.5953
72.1580 0.5884 89.5449
Test 2 1.1028 -45.7368 0.5534
1.3262 -47.8058 90.7879
Test 3 76.2891 -13.2024 -39.5001
76.2173 -12.0251 49.63987

Table 9: Roll effect on pitch and yaw angles in degrees for three different configurations

Algorithm 2 VA and PA calculation

1:

e el e e e e e e T
e L A i i > el =

NN N NN
AN I

DO
= O

Initialize: screen width and height, Horizontal FOV (FOV__H) and visual cor-
rector

Extract: distance (z component position) and quaternion

Convert euler_angles= quat2eul(quaternion;’XY z9% 180=pi

PA calculation:

PA_h =180 abgeuler angleql))

PA_v = abqeuler_angleq2))

PA_axang = quattzaxang(eul2quat([PA_h PA_ v 0]) pi=180)

if quaternion(1 : end) ==
PA = NaN

. else

PA = PA_axang(4) 180=pi

. end

: VA calculation:

FOV_V =2 atand((screen height=screen width) (tand(FOV__H=2)))

: A=(2 distance)®> tand(FOV_H=2) tand(FOV_V=2)
. a= marker_len? cosdPA h) cosdPA_ v)

. if A ==

VA = NaN

. else

VA =100 abga=A) visual corrector

. end
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5 Evaluation of the optical test bed

This section provides a full accuracy analysis of the marker’s pose to evaluate specific
behaviours in the detection of the camera, as well as adapts this in-depth analysis into
the software detection method. These new modifications are presented as algorithms
and adapted accordingly into the general setup. Section 5 is structured as follows.
Section 5.1 evaluates and analyses the marker’s detection error, and Section 5.2
describes the results and how the scripts have been adapted to get a better result.

5.1 Position and orientation analysis

In order to understand how well the detection by the camera is done, several poses
of the markers are studied taking into account the concepts of VA and PA. Since the
improvement of the OMTB is heavily determined how the detection of the markers
is performed. Both the estimation of the position and the magnetic characteristics of
the dipole, need a correct detection of the pose of the markers. For this analysis, only
two markers are required since the purpose of this analysis is to determine how the
camera detects the marker position and orientation in several poses, hence, different
VAs and PAs. The markers chosen are the marker 4, acting like the DUT for the
MATLAB script, and marker 0 which acts as the magnetometer in the script. The
sizes of the markers used in these measurements are 37.7 mm x 37.7 mm.

Figure 30: ArUco markers’ location for position and orientation analysis

The orientation of the marker 4 is relative to the orientation of marker 0. So, in
this case, both markers are placed in a flat surface where this relative orientation
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provided by the measuring MATLAB script from the camera’s detection should be
zero. In this way, the error in the orientation is clearly spotted. For the position
evaluation, the deviation and the mean absolute error are calculated based on the
detection results. The position detected by the measuring MATLAB script must
remain the same in each of the poses studied, since the markers are not changing
their relative position to each other.

Since the purpose of this evaluation is the detection of markers, the Helmholtz
coils and the MF are not required. Therefore, a modified measuring script has been
implemented. All variables and calculations related to the MF has been deleted in
this new measuring script. The following measurements are performed for studying
how well the pose of the markers is detected and processed by the measuring script.
The relative pose of the markers remains the same in all the measurements, and
their location in the flat surface can be seen in Figure 30.

The measurements are started with four different distances between the camera
and the markers. Each of the four distances is referred as "stop" in the figures. In
each stop, the camera detects the pose of the marker 4 relative to the marker 0, and
the mean absolute error is gathered. The poses have been chosen using different
combinations of PA, and PA,. Both variables vary from 0 to 90 degrees, with
steps of approximately 22.5 degrees. For example, (PAn,PA,) = (0,0), (0,45), (0,90),
(45,0), (45,45), (45,90), (90,0), (90,45), and (90,90). Some of these combinations
are illustrated from Figure 31 to Figure 33 for different stops. Once an specific
combination has been performed at all four distances, all the data is gathered in a table
where distance, PA, VA, errors and deviation values are collected. The extraction
of the distance, PA, and VA from the marker’s detection has been introduced in
Section 4.3.

(a) PAp, = 45 and PA, = 0 (b) PA, = 75 and PA, = 45

Figure 31: Detection at the second stop in different orientations, angles in degrees






























































































































	Abstract 
	Preface
	Contents
	

