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1. INTRODUCTION & CURRENT SITUATION OF THE STUDIED

PROBLEM

Magnetometers are important instruments widelyduse many fields of human
industrial, scientific and leisure activities. Tgpl applications are in transport navigation,
underground drilling related navigation, securitigtection of ferrous objects, geology and
Earth’s field observation. The more we need aceumnaasurements, the more it is necessary
to develop and use precise instruments. Theseumstrts typically require some kind of
calibration in order to achieve their optimal desid accuracy.

The main topics of this thesis are therefore issiated tomagnetometers and
magnetometer calibration. The magnetic induction used for the applicationsntioned
above is typically within the range of the Earthisagnetic field (magnitude 20-60 uT,
varying with geographical location). This low magwie, DC-low frequency magnetic field
fits perfectly with the measurement rangdlokgate and AMR magnetometers.

Two main techniques are used for calibrating uwgltsensors of a magnetic field.
The first principle uses a set of three coils teate arbitrary magnetic field vectors. These
vectors are applied to the fixed DUT (Device Undlest), and the calibration parameters are
derived from them and from the DUT’s response.

The second technique is “opposite” to the firshteque. DUT is rotated in space in a
constant Earth’s magnetic field in order to apblg whole range of the field to all three axes.
The calibration parameters are again mathematiclhwed from the DUT’s readings and
from its known field vector magnitude. This methaifers one big advantage — there is no
need for a coil system, which is expensive to baid maintain. However, it also has some
limitations.

The motivation for testing the practical usabildlythe Scalar Calibration technique
with some technical improvements arose during tag at the magnetometry section of DTU
Space/Technical University of Denmark. There waged for fast and reliable on-site testing
during the development stage, before going to gremsive and distant calibration facility.
The work was started at DTU, and has been furtteMeldped at the Czech Technical
University in Prague. At CTU in Prague, the demaraie very similar, due to the
development of AMR and fluxgate-based magnetomé&engarious applications.



1.1. Calibration with a 3D coil system

This technique uses a coil system, usually witieeghindependent axes, to generate
arbitrary magnetic field vectors which are measumgthe DUT, which is placed in the center
of the coils. This method allows full calibratioi the DUT. The output consists of three
offsets, three sensitivities, three non-orthogaiegliand transformation coefficients (matrix
3 x 3), which provide measurements in the desied¢erence frame. The method also allows
the user to check DUT linearity, for each independsis, and, with a thermostatic box, all
temperature dependencies, i.e. offset, scalesragldsa Application of an AC field allows the
user to measure the frequency response of the Dbis.approach thus requires a dedicated
facility with coils, a coil current controller arather expensive equipment. In order to achieve
high precision and stability, the location for theil system must be held at a constant
temperature, which is extremely expensive. Periadilibrations must be made and field
monitoring during the operation is necessary. A medig “vacuum” is usually created first in
order to suppress the Earth’s magnetic field, sdariations and the desired vectors are then
superimposed on it. The number of institutes thadrate or have direct access to such
facilities is limited, and it is not usually easy fexternal companies to use them, due to time
and price issues. More information concerning tlyise of procedure can be found in

[1],[2].[3].[41.[5].

1.2. Scalar calibration of vectorial sensors

The second technique is generally known as “scaltoration”. It can be described as
a “poor-man’s” calibration technique, because yaecise calibration requires only a device
that digitizes the DUT’s output. The scalar fiellwe for a specific location can be obtained
from a model [6], which can achieve scalar fielégmsion ~0.1 %, and the rest involves
mathematical processing of the measured data. Tdrer@arious options for this: iterative,
linearized, or ellipsoidal transformation algorithnin order to obtain additional information
or greater accuracy, more sophisticated equipnsenééded. This is the topic of the present
thesis.

The scalar calibration procedure and improveménmtd with the use of additional
equipment are described below. A complete intrddadio scalar calibration is given in [7].
The most important part of the procedure is datéecton. The DUT, a tri-axial vector
magnetometer or accelerometer, is positioned in a@propriate static magnetic or
gravitational field. The positioning is performadsuch a way that all the measurement axes
of DUT are exposed to the whole available fieldganThe Earth’s magnetic field is ~30-
50 uT, and the gravitational field is 1 g ~9.82'fn.Fhe positioning can be established in
several ways. Free-hand positioning, i.e. slow, @manovement of a magnetometer, is the
simplest way. Some kind of mechanical non-magrfedime with two axes of freedom and
with mechanical stops for different angular positiois another option. This offers the
advantage that the angular positions are definddrgmeatable. The optimal uniform sample
distribution positioning scheme can be achieved wispect to the “pseudo random” free
hand method. Knowledge of the angular positionefich sample allows a plot of residuals to
be constructed, and this can provide additionarmftion about the linearity of the sensor.
The drawback is that the positioning is very slowd anconvenient due to its human “drive”.
Automation of the positioning is therefore desieabl'he data acquisition procedure can be
repeated many times in order to reduce the errarstoo measure time-temperature
dependencies. Automation involves the applicatibdroves and sensors, which is difficult
due to the need for very high magnetic cleanliredsthe positioning platform, since a field
gradient would cause significant errors. This peabls discussed and a solution presented in
the chapter on Design and Realization.



The output of the DUT is digitized in each angypasition by any DAQ unit that
provides sufficient resolution, low noise and higflability. An example of a structure that
fulfils these requirements is also presented. Aomapvantage is its small size and USB
power supply, which facilitates transportation amables operation at distant calibration sites
where no power network is available.

The calibration parameters are extracted from rnieasured data by means of
mathematical calculations. Several approaches haesn published [7],[8],[9]. They are
explained in the Theoretical Background chaptethef dissertation thesis. The calibration
parameters are three offsets, three sensitivitres taree non-orthogonalities. Additional
information about linearity, combined for all axesan be derived from the residual
distribution plot. Unlike the coil system, therens information about the reference frame
transformation matrix, which transforms the meadutata to some external reference frame
defined e.g. by the DUT package. This requiresdafitianal procedure.

The full-text of the dissertation thesis provide®rmation about the relevant patents,
calibration sites, available commercial calibratsystems, and state-of-the-art instruments
concerning the topic (scalar and vector magnetasdBRAQ systems).

2. AIMS OF THE DOCTORAL THESIS

The main goal of the thesis is to develop a coteptgstem for scalar calibration of
magnetometers, to test the system and evaluatesh#s. The system should provide results
comparable in accuracy to those provided by thibredion sites mentioned in section 1.1,
and make such results available for institutes dmahot manage a precise vector-coil based
calibration system. The project can be divided amtaumber of major phases.

a) Examine the feasibility of an automatic, computeontoolled non-magnetic
positioning system, design and construct it.

b) Develop and manufacture all the necessary accesserielectronic control unit,
dedicated data acquisition. There was no suitall€® Dinit available, and this work
will provide experience that can be further usedaanagnetometer with digital data
output, i.e. the next generation of d).

c) Develop and/or modify the firmware and softwaredezkfor the whole calibration
procedure: the control unit and DAQ unit firmwaR&; software for positioning and
DAQ control, and mathematical calibration algorithm

d) In order to compare the published calibration tssuAnd for a comparison with
commercially-available magnetometers, develop eglite magnetometer with vector
compensation of the measured magnetic field. gk hhearity and preciseness should
show the quality of the calibration system and pdcage, which may otherwise be
hidden by DUT’s own errors.

e) Evaluate the construction and calibration resuitsrder to judge the applicability of
the proposed calibration system, its components@P#e vectorially compensated
magnetometer), and make a proposal for their furtle¥elopment and for possible
improvements.

3. WORKING METHODS

Complex equipment consisting of mechanical, eleaitand software tools has been
designed, developed and tested in the scope ofhtes. Finally this equipment has been



used to calibrate several instruments; the reauétpresented in Results chapter. This chapter
provides a description of four very important degadesigned and developed in the scope of
this doctoral thesis. First, a bi-axial version antfi-axial version of the calibration platform
are presented, then a design of the data acquisiimdule with high resolution is described.
Finally, the development of a vectorially compepdatri-axial vector fluxgate magnetometer
is discussed. The main purpose of this magnetometér test the calibration system. It
should offer very high linearity of its transfemfttion, which is essential for the tests, and for
understanding the calibration results.

3.1. Bi-axial non-magnetic calibration platform

The design and development of this platform wastesi at DTU SPACE, under the
supervision of Jose M.G. Merayo). DTU SPACE uses basic sensorsCSC — Compact
Spherical Coil [24] and€CDC — compact detector cd5]). CSC is spherical in shape with a
diameter of 82 mm; CDC is rectanguloid, with dimens 55x47x32 mm. The basic
requirement was to accommodate these two sensdrpa@ssibly some other sensors with
maximum dimensions df00 x 100 x 100 mm and a maximum weight of 0.5 k&enerally,
the platform should be as large as possible inrai@get maximum free space or distance
between the sensor and the structure, in ordech@ee better magnetic field homogeneity.
Practically, the dimensions were limited by theikde drives and by the requirement for
easy transportability. The maximum acceptable dsmes would be approximately
500 x 500 x 500 mm. The only functional requireme&rds automatic positioning in two
mutually perpendicular axes with accuracy and righdlgty of +1 degree.

System conception

Fig. 3.1 presents the overall system conceptidrerd is a control computer which
runs two synchronized programs. The first progras & list of predefined positions that we
want to reach with the platform. It communicatethwihe electronic control unit via the USB
interface, which acts as a simulated serial pdne $econd program is used to sample the
output of the magnetometer, using any availableettwhannel DAQ device connected
through a Serial, Ethernet, USB or GPIB bus. Findhe calibration algorithm processes the
data and calculates the calibration constants.eldwronic control box is driven by a single-
chip microcontroller, which receives the commamasnf PC and controls the motor drivers,
while sensing the feedback from the optical incretalesensors. The non-magnetic platform
accommodates the DUT (magnetometer or accelerometed implements the positioning
process.

control unit PC (control
(motor control, USB | software,
‘ optical calibration
= [y incremental sensor parameters
' ' electronics) calculation)
NI
magnetometer’s USB
(DU electronics

Fig. 3.1 Overall system topology
Fig. 3.2 shows the conception of the non-magm@étform in greater detail. There are
two axes of rotation: roll: 180 deg, pitch: +90ydevhich enable all positions needed for the
calibration algorithm to be reached, i.e. point§armly covering the surface of a sphere with
the radius of the magnetic field vector magnitudéat is important is the marked North-



South position of the platform with respect to tmagnetic field vector, neglecting the
declination. The pitch axis of rotation must begagrdicular to the field vector.

inclination

Fig. 3.2 Non-magnetic platform conception

The platform was completed almost at the endsik-anonth internship at DTU
Space. Due to time constraints, only a basic etialuavas made of the functionalities and
parameters. Several positioning sequences ran bipoahd there was no significant change
in the final position that would otherwise indicat@roblem with the angular position
sensing. No special sensor holder was developeédhéylatform can handle both required
sensors with a sufficient margin. The sensor hédldeomagnetometer was placed directly on
the top of the center wheel for final testing, Beg 3.3. Ideally, should have been in the
center of rotation of both axes. No calibratioruftssfrom this platform are available, due to
lack of time, but the experience and knowledge epturing the development work were
immediately applied when constructing the tri-axialibration platform, see the next chapter.

Fig. 3.3 Completed platform with the CDC
sensor (not ideally positioned — it should be
in the center of rotation)




3.2. Tri-axial non-magnetic calibration platform

This system was proposed, designed and develdgbd &zech Technical University
in Prague as a logical step and consequence ofdhecarried out at DTU Space, Denmark.
A third axis of freedom was added to the designgeriables complete testing of an
electronically tilt compensated fluxgate compassiat®. This early work preceded work on
the calibration system.

Design requirements

As mentioned above, the mechanical size of thecdevas mainly constrained by the
compass module dimensions. The compass modulecidirader 50 mm in diameter and
230 mm in length. It would have been better to Haag a platform bigger. This would have
enabled higher field homogeneity, and better pmsitig of the compass module, with the
magnetic sensors in the center of rotation. Howewer more powerful version of the
piezoelectric motors was available. The “usefullpag dimensions” were therefore limited
by the weight of the structure and by the availabdgor torque.

Fig. 3.4 presents the conception of the platfolimis very similar to the bi-axial
version. The novel element is the addition of tlaevyaxis. The compass module allows
estimation of the azimuth in almost any positicge &ig. 3.5. In order to test the calibration
of the vector magnetometer and the acceleromatertreeir mutual position with respect to
the mechanical frame, three axes of freedom ardeted he azimuth should remain constant
for any roll value (0-360 deg) and for pitch valuaaging from -80 to 80 deg. The azimuth
loses its sense, or is not defined, for pitch =00090 deg. In addition, of course, it should be
possible to test it for any arbitrary azimuth (yamue. The device that was made meets all
these requirements. In the case of scalar caldmathe yaw axis can be used to set the inner
frame up perpendicular to the Earth’s magneticfiedctor.

™

>

N\
Earth’s
E magnetic field
(< A inclination
~azimuth

Fig. 3.4 Tri-axial non-magnetic platform conception
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dul

(comy shown without its cover;
tri-axial PCB fluxgate sensors on top left,
tri-axial MEMS accelerometers down right)

pitch (~=80°)

:,\

= azimuth
(0-360°) N

Fig. 3.5 Electronic compass module — azimuth wespect to yaw, pitch and roll.

Fig. 3.6 presents the whole system topology used dcalar calibration of
magnetometers. The Non-magnetic Platform Contrdtwsoe has a set of predefined
positions, loaded from an external file. It comnuatés with the electronic control unit
(piezoelectric motor drivers) through the USB-basedal interface. Once the new position is
reached, using information from the optical incremé sensors, the software sends a UDP
packet to the data acquisition control softwaree TAQ control software triggers the
measurement of the DUT’s output voltage via the WfaBed serial line interface. The DAQ
unit measures the output voltage, and the softwemees the values for further processing.
Simultaneously, the scalar magnetometer providesnagnitude of the magnetic field vector,
which is used in the calibration algorithm. Aftdr gositions have been reached, the system
goes to its starting position and is ready for @& ngcle.

Non-magnetic platform Non-magnetic platform  Optical incremental sensors
control software control unit signal conditioning
{positioning control) — 3

~

=i — ]
S Ce— == -— 3
kel e o =Txo
= - I — ST Sun = )
= L e “B i Optical Incremental
S = B S Sensors
— — Wﬁ
g =
Synehranized hy IDP USB-DAQ Module T =g
(User Datagram Protocol) {High resolution ADC)

Data Acquigition control <
software :97 e U

Scalar magnetometer
(GEMSystems GSM-19)

Non-magnetic positioning

platform with three axes of

USB/Serial | freedom + DUT (Device
" Under Test = Triaxial Vector
Magnetometer)

Fig. 3.6 Complete system for scalar calibration

The design of the platform was started in 2008, the main parts were completed in
2009. Since then, the platform has been in usméiking measurements and has been
continually improved. Magnetic contamination hagib eliminated, the DUT holder has
been improved, and control software has been dpedland optimized. The device that has
been developed seems to be unique worldwide, 26¢ uses a non-magnetic mechanism to
calibrate AMR-based magnetometer modules, but fiilneiple and the construction are
completely different. Only simple tests have begpliad to evaluate the properties of the
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system, e.g. a laser pointer was attached to tisos@older to test thepeatability of the
positioning ~1deg. The main evaluation of the systecomes from the results of the
scalar calibrations, which are very promising and & further discussed in the Results
section.The calibration results indicate that there i stime magnetic field non-
homogeneity caused by ferromagnetic materialserptirts. This causes errors, but only a
complete redesign of the device could solve thidbl@m. The operation of the complete
system is relatively reliable and “smooth”, thoubhre is occasionally a DUT cable jam,
which needs to be improved.

3.3. Three-channel USB DAQ module with simultaneous sampling

This instrument has been designed and developedder to provide high-precision
three-channel voltage measurement, comparable5tdigit DMM - e.g. HP34401 - in a
smaller package, which would be more convenientfriequent transfers to the calibration
site. The device is powered from USB, which is Arobenefit, as it is not dependent on the
230 V power network.

The device uses three delta-sigma convertersgfetied circuit ADS1281, Texas
Instruments) to transfer the measured voltage gaadlidata. Two newly available converters
were tested at the beginning of the developmentSBEIY4 contains four simultaneously
sampled delta-sigma cores in one package, and ABISik2a single channel converter. The
output noise has been compared for various cordtgurs: ADC, voltage reference, and for
different power supply sources: USB powered, baitgerated. The output voltage noise, i.e.
for the shorted input, was approximately six tinfeser for ADS1281 (303 nMus) than for
ADS1274 (1.89 u¥Xus). The values are affected by the overall PCB dgsiy slightly
different sampling rates and other factors, bug itlearly visible that ADS1281 outperforms
ADS1274. Voltage reference REF5025 was slightlytdoethan ADR445, producing <5 %
less noise. The difference between the USB powseedip and complete battery operation,
using a 12V Pb accumulator, was about 1.5% of tlipud peak-to-peak noise voltage. The
USB-powered set-up performed less well. This vasuquite low, and the more convenient
USB-powered mode is used during calibrations.

3x Input buffer, 4:1 res.
divider, output buffer
(buffer = op-amp voltage
follower, OPA217)

MCU (ATMEGAG64)

USB/Serial Converter ‘
Temperature (FT232R): galvanic
sensor (DS18B20) isolation (ADuM1201)

3x AY ADC
(ADS1281)

3x
+10V
HighZ
Inputs;
BNC
and
sockets
in
parallel

Buffered & filtered Power supplies — low noise USB Power Filtration, 2x
voltage reference analog and digital DC/DC converter (TESL
(REF5050+0PA227) (TPSTA3001, TPS7A4901) SV->5V, TES2N 5V->+15V)

Fig. 3.7 Three-channel DAQ unit with simultaneoampling and USB interface
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3.4. Vectorially Compensated Tri-axial Vector Fluxgate Magnetometer

This magnetometer was designed and developedder @0 have the possibility to
compare the properties and calibration resultshef tectorially compensated design with
more widely-used tri-axial individual measured dietompensation. Several available and
published structures were studied prior to the bgweent [24], [15], [27]. The idea is to
build standard, but smaller, ring-core fluxgate ssgs (see Fig. 3.8) into the vector
compensation module that will be easier to manufacand assemble, and cheaper than e.g. a
spherical compensation shell [24]. Vector-compestsadesign should provide two main
advantages: low non-orthogonality, due to the geegeometry of the compensation coils,
and the elimination of cross-field errors, since #$ensors operate in a virtually zeroed
magnetic field. This means that the device is lyidimear. This is important for evaluating
the preciseness of the calibration procedure, the. fit quality with respect to other
conditions, e.g. magnetic contamination. The naedrity could otherwise hide these effects.

Fig. 3.8 From left to right: BNP-2 ring support avidrovac 6025X ribbon; the ring with
glued core and excitation winding; placed in thekpip coil support; finished sensor
with pick-up coil.

The vector magnetic field compensation system istnsf three sets of four serially-
connected coils in a modified Merritt configuratiorarious coil systems used for creating a
homogeneous magnetic field were described in [Bhg Merritt configuration is easiest to
implement. Unfortunately mechanical constraints r{ufacturability of the support) do not
allow the design of all three axes with optimal medrical proportions. ANSYS -
Magnetostatic finite element modeling software wasd to optimize the coil support design
for maximum space volume with minimal non-homoggnédiig. 3.9,10 show the flux density
in the support volume, and pink color indicates thege from 46000 nT to 50000 nT, i.e.
+4.1 % of the nominal field — 48700 nT).

L i

T S—

S i —

a7

Fig. 3.10 Cut through the sensor body; pink
color shows the volume with £4 % in-

Fig. 3.9 Z-axis compensation coils model homogeneity (46 to 50 uT)
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The sensor was scalar calibrated with the useraframagnetic calibration platform.
The calibration results are presented in the summoarthe parameters below. This first
prototype generally provided excellent results, Hreddesign seems to be very promising for
further development.

Tab. 3.1 Summary of parameters

Parameter Value Unit
Measurement range +65 000 [nT]
Sensitivity — design plan 100 [kVIT]
Sensitivity X-axis (real vs. design 100 kV/T) 1.@02 [
Sensitivity Y-axis (real vs. design 100 kV/T) 0.991 [
Sensitivity Z-axis (real vs. design 100 kV/T) 1.953 []
Offset X-axis 3.94 [nT]
Offset Y-axis -33.46 [nT]
Offset Z-axis -17.04 [nT]
Non-orthogonalityu -0.3343 [°]
Non-orthogonality 0.2205 [°]
Non-orthogonalityy 0.0239 [°]
Noise (Power spectral density @ 1Hz) ~35 7]
Offset Temperature dependence -0.8 up to 4* [gTde
Transfer function linearity <+15ppm** [ppm]
Signal bandwidth 50 [Hz]
Power consumption (total) 1.69 [W]
Sensor head dimensions 50x40x40 [mm]
Sensor head mass 130 [0]

*this parameter requires a very long measurememd,tand should be measured more precisely in thesfu
**value from a linearity measurement, scalar caltton indicates values better than <+5ppm

Fig. 3.11 Complete sensor with wire terminals, tigntapacitors and cabling. Everything is
fixed together with two-component epoxy glue.

4. RESULTS

The sensors listed below were calibrated usinghtdremagnetic calibration platform.
Some of the sensors were made available only &boat time, and the calibration had to be
performed in an unsuitable environment with a nombgeneous magnetic field, and the
results are not very good. The calibrated magneenmnare listed in Tab. 4.1, calibration of
the accelerometers is also possible and a lisaldfrated device together with results can be
found in the thesis full-text.
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Tab. 4.1 Magnetometers

Billingsley Aerospace & Defence; TFM100 Ringclitexgate magnetometer

Billingsley Aerospace & Defence; TFM65 Vacquiexgate magnetometer

Stefan Mayer Instruments; FL3-100 Fluxgate magneter

Applied Physics Systems; APS534 Fluxgate magneter

InnaLabs; M3 AHRS unit (accelerometer, gyroscapg magnetometer)

MicroStrain; 3DM-GX2 AHRS unit (accelerometeyrgscope and magnetometer)

Honeywell; HMR2300 AMR Magnetometer

Honeywell; HMR3000 AMR Magnetometer

Czech Technical University in Prague — Compasdute, PCB fluxgate magn.

B|O|®| N~ Wi =

0. | Czech Technical University in Prague — Vectorialynpensated fluxgate
magnetometer

It is essential to select an appropriate measuresite for the data collection for the
scalar calibration algorithm. The selection criteris stability and homogeneity of the local
magnetic field. The best results so far were olethet the Karlova Ves site.

Karlova Ves — “Cervena louka”, 49°59'30.87"N, 13°449.36"E (A-site)

This site is a small meadow accessible by cahowit any buildings or structures of
any type, and no power network is available. Theduivantages of this location are the good
magnetic field homogeneity and the relatively shoaveling time, less than one hour from
Prague. See Fig. 4.1.
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Fig. 4.1 CHKO Krivoklatsko nature reserve, clos&#arlova Ves, showing two places, A and
B, where measurements were performed.

The data acquisition process is the first and nmopbrtant part of scalar calibration.
We need to acquire with the DUT tri-axial vectonser something between 20-1000 samples
which uniformly cover the surface of a sphere egnaiadius to the Earth’s magnetic field
magnitude. This means that there are values takemthe whole available field range for all
the three axes and for both polarities. Small nusilbé samples mean fast data acquisition,
reducing the risk of offsets drifting with time ¢@mperature, but we obtain less detailed
information on linearity and also less confidendmwt the results. A large number of
measured samples makes the measurement extremglgnd slow, which is very ineffective
if there is some problem during data acquisitioffs€ time-temperature drift during a long
calibration run can also cause problems. For thibraion mentioned below, 161 samples
were taken in the course of each calibration.Kdesaapproximately 16 minutes to collect the
samples with the tri-axial non-magnetic calibratgystem. The distribution of the points was
derived from equations mentioned in [7]. The ondevptimized in such a way that the DAQ
process is as fast as possible, and there is amytarn in one direction. The change in
rotation direction is to prevent twisting off théJID connecting cable.
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Fig. 4.2 shows the data plotted as it was acquiéel see that the X and Z axes are
covered more uniformly than the Y axis — this i€ do the positioning procedure, and would
be difficult to change. If necessary, the positdrthe DUT in the holder can be changed and
the results compared. Fig. 4.3 shows the dataegplott a 3D graph, which should cover the
spherical surface uniformly.

E L L L 1 L 1 |
a 20 40 60 a0 100 120 140 160 180

Fig. 4.2 X,Y and Z vector field values taken atledata point. The shape is given by the
initial device fixation on the platform, and alsp the order of positions, which are typically
programmed in such a way that the time to reacm thiéis minimal, and it is possible to
make only one turn in one direction due to the Dddinecting harness.

Fig. 4.3 The picture on the left shows the distiitiu of ideal uniform data on the “sphere
surface”. The picture on the right has the calibratesidual parameter plotted at each point
in a standard color palette, blue lowest value higtiest value — real data, slightly non-

uniform due to the bad initial position.

The results are presented in the form of a selATLAB graphs. The data presented
here comes from the calibration of the vectoriathynpensated vector fluxgate magnetometer,
see section 3.4. Nine calibration coefficientsdéhoffsets, three sensitivities and three non-
orthogonalities) derived from the data are notedhat end. Fig. 4.4 shows, from top to
bottom, the vector magnitude calculated from thve irgput vector data, shown in blue color.
The same graph then contains the vector magnitaldelated from the measured vector data
with corrections applied, shown in red color. Wa sae that the calibration has a big positive
impact on the vector magnitude variation. The rggaph shows the residuals; a residual is a
difference calculated for each datapoint — the utated calibrated vector magnitude is
subtracted from the reference vector magnitudeghvis measured by a scalar magnetometer.
The aim of the algorithm is to minimize the residu@um of squares). The last graph shows

16



a “data weighting” vector. In fact, for better vadization it is 1-w; a zero value being the best
quality and “1” is the worst quality data. The me@nand usage of the weighing vector “w”
is described in greater detail in Theoretical backgd section of the thesis.

w10t “ector Magnitude; Blue - raw data, Red - comected data

[nT]

|
20 40 =] &0 100 120 140 160

Residuals { = Scalar magnitude - Yector magnitude )

“o 20 40 B0 80 100 120 140 160

Outliers, value » 0 indicates an outlier
1
T T T T T

Fig. 4.4 MATLAB plot showing, from top to bottonhe uncalibrated vector magnitude

(blue), the calibrated vector magnitude (red),dakbration residuals (pink) and some
information about the quality of the data for edetta point. The best is zero value, green.

This graph shows that the vector magnitude vamatwithout calibration is
3100 nTpp. The calibration reduces the variationtimge orders, down to <1 nT. The
weighting vector contains some “low quality” poiniait it always will — they are represented
on a relative scale. If we were to remove thosatgand run the calibration again, we would
again get some indication of low quality pointst buth a lower corresponding absolute
value.

Knowledge of each datapoint position allows usctmstruct a 2D graph which
presents the layout of the residuals. The positibeach residual is known, because it is an
input parameter for the positioning system. The @Bph is actually a spherical surface
unreeled into rectangular shape. The x-axis cooredp to roll 0-360 deg, and the y-axis
corresponds to pitch -90 to 90 deg. The MATLAB plohction approximates the values
between the acquired samples, and thus a contigiegdh can be shown. Ideally, no
systematic relation should be visible in the grapthe distribution of the residual values
should be random, see [7] for such a map. In gragcthis is hard to achieve — we would need
a sensor that is perfectly linear and has verydowgs-field error and, in addition, calibration
equipment that does not influence the calibratipreieating a non-homogeneity in the sensor
area.

Fig. 4.5 shows little dependence in the y-axis. Wde distinguish four alternating
horizontal bands: negative, positive, negative positive. This is probably caused by some
residual magnetic gradient present in the sensea, ax gradient induced by ferromagnetic
materials in the structure of the positioning [ati.

Note: ten data-points were removed from the begmmf this measured dataset because of
improper initial positioning of the pitch frame. &Hfirst ten points were too concentrated at
one pole, and there was also a possibility of allsen@r due to the presence of the operator
for a short time very close to the platform forisual

check of the positioning process. In consequeneeetls a “missing belt” of values of the
residuals in Fig. 4.5.
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Fig. 4.5 Map of scalar residuals (difference betw#e scalar and calibrated vector
magnitude value)

The sensitivity values indicate that there is a B#ximum mismatch on the Z-axis
between the design value (100 kV/T) and the reblevalhe offsets are quite small. Any
value below 100 nT can be considered good. Itesstim of the fluxgate sensor offset and all
op-amps offsets in the signal path, where 100 nifiesponds to 10 mV in output voltage. The
non-orthogonalities should be mainly due to théagbnality error of the compensation coil
system [22]. Any value below 0.5 deg can be comsiigood, but ideally the values should
be below 0.1 deg. The calibration misfit indicaties quality of the calibration fit. Values as
small as 0.05 nduys can be achieved (for data, see [22]), but this |l&vaequire special
conditions, see the Conclusions. “Data points usadicates how many datapoints were
finally used in the calibration algorithm. Any val®90 % is good.

The way to describe the quality of the fit is lymparing the residuals with the full
scale range. For the measurement analyzed aboige,ntaximal residual value 0.6582 nT,
minimal residual value -0.84739 nT, which gives 8B nTp. The full scale range is
2*48645 nT (97290 nd-p), and the ratio is approximatet{).0008 % (8 ppm).

Tab. 4.2 Summary of calibration results for magnetmeters

Device Sx[-] Svl [ Ox [eu] Oy [eu] Oz [eu]
TFM100G2 0.9994 0.9993 1.0003 -58.60 148.73 -106.2
TEM65VQS 0.9974 1.0037 1.0032 -39.30 183.33 240.9
FL3-100 0.9982 0.9968 0.9971 90.94 51.57 53.66
CTU Compass 0.8903 0.9106 0.8864 76.85 84.30 -23.10
CTU Vec.Comp. 1.0028 0.9914 1.0538 3.94 -33.46 -17.04
HMR2300 1.0322 1.0236 1.0338 705.2 -336.4 828.2
HMR3000 1.0864 1.0088 0.9646 -1774 1296 -527.3
InnaLabs M3 1.0080 1.0115 1.0424 -2963 -508.9 -716.1
Device o] B[] v [°] Misfit [nT] Loc.
TFM100G2 -0.1692 -0.0954 0.18703 1.09 4
TEM65VQS 0.04756 -0.2777 0.04112 0.81 4
FL3-100 -0.1016 -0.6719 -0.2542 3.65 2
CTU Compass 2.360 3.068 1.524 96.15 2
CTU Vec.Comp. -0.3342 0.2204 0.0238 0.28 4
HMR2300 1.499 -9.076 -0.021 105.1 2
HMR3000 0.068 -0.519 -0.158 69.70 2
InnaLabs M3 -3.737 -1.368 -2.860 63.92 1

Loc. — measurement location, see chapter 5.2.
Sensitivity listed relative to design value (typigd 00 kV/T), Offset in Engineering Units, whicheausually almost equal to nT
(sensitivity ~1)
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5. CONCLUSION

The main goal of this doctoral thesis was to est&@uthe practical usability of a
technically-improved scalar calibration procedureorder to achieve this goal, innovative,
very complex mechanical, electrical equipment avftivare have been developed and tested.
We will now summarize the achievements with refeeerio the goals stated in the
introductory chapter. The detailed technical patanseof each device and system were listed
in the text of the thesis, and will not be repedtete. However, some possible improvements
and proposals for further research will be intraztlic

The main original results of this dissertation thes

» design and development of a novel automated nometagcalibration platform for
scalar calibration of magnetometers and acceleensietievelopment of auxiliary
electronic and software systems, bi-axial andxr&laversions of the platform were
developed

= testing of the scalar calibration procedure with #bove mentioned system using a
wide range of commercial and custom sensors (magreters and accelerometers)

= design, development and testing of a high precsea dcquisition module, preparation
for a construction of a magnetometer with a digptatiput

= novel construction of a tri-axial vector fluxgateagmetometer with a vector
compensation of a measured magnetic field

The results versus the aims stated

1) The feasibility of a computer-controllable non-matio positioning system

This work was carried out in two steps. The fiysaxial non-magnetic platform was
successfully developed from scratch at the Danisthifiical University, during a six-month
internship at DTU SPACE. Selection of componentd amaterials proved to be a real
challenge, because of the very strict requirementshe magnetic cleanliness of the whole
system. Later, at the Czech Technical UniversityPirague, the tri-axial platform was
redesigned. In this case it was possible to conatenbn further technical improvements of
the system, because the basic construction comfmmaaterials and ideas were identical to,
or very similar to, the bi-axial platform. Due ime constraints, only a little experience of the
practical operation of the bi-axial platform wasngal in Denmark. Many function issues
emerged during the calibration campaign carriedvatht the tri-axial system. These will be
mentioned later in the section on suggestionsuturé improvements. The calibration results
presented in this thesis indicate that there isespotential for improving the system, mainly
from the point of view of magnetic cleanliness. Betheless, the current version has provided
very competitive results, comparable with thoseieaad at dedicated magnetic calibration
facilities.

2) Develop and manufacture all the necessary accessgcontrol unit, DAQ unit)

This step consisted mainly of engineering worlatesd to electrical circuit design. In
case of the control unit, the most critical poirgsathe development of custom non-magnetic
incremental optical sensors for sensing the angudaition of the frames. The DAQ module
Is a state-of-the-art structure using the latesgstprecise available components. The
achieved parameters are directly comparable wighldeel commercial products, and the
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circuitry that has been developed and tested cduartieer used in our future plan to produce a
magnetometer with a digital output.

3) Develop and/or modify the firmware and software

A large amount of supporting software was prograarn the scope of the thesis.
Most of it was written with the use of the Natiomastruments CVI or LabView development
environments, e.g. platform control, DAQ contrahelarity measurements, and the dedicated
DAQ for specific DUT instruments. Several programsC-language were developed for
single-chip microcontrollers. The most demandingktavas to understand, modify and
implement the calibration algorithms. The MATLAB piementation of the Gauss least-
squares estimator has been published, but it rexs dlghtly modified in order to understand
the code and evaluate the effect of the approxonatthat are used. The linear algorithm, has
also been published, but without the source codé® algorithm has been coded in
MATLAB. The quality of the implementation was slighinfluenced by the complexity of
the algorithm and the mathematical apparatus tlaatwged (not all features presentegi7in
were correctly implemented). Nevertheless, the ltesabtained from the algorithms were
quite similar, which increases the reliability dfet calibration parameters, and the tests
indicate that their precision does not limit theegsion of the calibration procedure and
calibration system.

4) Develop a fluxgate magnetometer with vector comgiears of the measured magnetic
field

A huge effort was invested in developing this neigmeter. At the beginning, a lack
of theoretical knowledge and experience was evidemtunately, plenty has been written on
this topic. However, the aim was to develop sonmgthdifferent, offering advantages over
previously-published designs, above all, compastnease of manufacture, and lower cost.
The measurement and calibration results are vemmiging, if we take into account that this
was a first prototype of a device of this kind &tlCin Prague. In fact, the sensor was very
useful for understanding the results of the sceddibration procedure. If we had not had the
device, it would not have been obvious whetherrtbe-linearity visible in the calibration
residual maps had come from the non-linearity thE'® transfer function, or whether it had
been caused by insufficient magnetic cleanlinesshef“non-magnetic” platform. In fact,
magnetic cleanliness had been the cause of thdepnolihe sensor is now being developed
further in the scope of a commercial project, aad heen proposed for application in the
ESA tender for a “Service Oriented Spacecraft M&gneter Set”.

5) Evaluate the construction and calibration results

The most convenient method for evaluating the ltesis to compare them with
published values. The non-magnetic calibrationftat is probably unique worldwide, and it
IS not possible to compare the technical parame@mby the scalar calibration results can be
compared. The problem is that this includes otloenmonents of the system: the DAQ unit,
scalar magnetometer synchronization and precisad, the DUT parameter$he lowest
calibration misfit value that was achieved is 0.2ATrus and it is for the vectorially
compensated fluxgate magnetometeiThe state-of-the-art values for a similar* senasm
0.15 nTryus for the CSC sensor for the CHAMP mission [1], @@5 nTrus for the CSC
sensor for the Oersted mission.

However, even the 0.27 ndus value corresponds to a +8 ppm peak-to-peak misfirom
the full-scale value which is a very good result.
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*a sensor with almost 30 years of continual develept history, which has flown in several
space missions.

The calibration uncertainty that has been achidtadl uncertainty of u = 2.34 nT,
k=1), is very competitive and there is still a pbsiy of further improvement, by removing
the sources of magnetic field gradient. This caighificantly reduce the uncertainty of the
calibration parameters for DUT instruments withigitel output.

Proposals for further improvements and research

Practical operation with the system and the cafibn results have led to some ideas
on potential future improvements. A key factor thas a direct influence on the calibration
results is the magnetic cleanliness of the platfoFhere is still some residual contamination
in the motor and sensor area, which is not easgrtmve. An option might be to make the
frame of the platform from a lighter material, efiper-glass-laminate, which would enable
its dimensions to be increased without exceeding &wailable motor torque. Larger
dimensions mean better field homogeneity in theeresf the platform.

A second key factor is the temperature stabilitytee DUT during calibrations.
Currently, there is no protection from environmémgiects, e.g. sunlight and wind. If the
calibration is made in an outdoor environment,re@asons of field homogeneity, there can be
serious problems. One solution, which would alsovgoranother benefit, could be the
application of some kind of non-magnetic thermastaox. Flexible and lightweight design
from thermally insulating fabric and super-isolatitoils, perhaps with embedded resistive
heating, could solve this problem. The benefit ddug¢ in measurements of the temperature
dependences of the DUT (offset, scale and orthdijypri@mperature drifts). Another issue is
the possibility of some improvements in the mectanconception, e.g. a DUT harness,
which would eliminate cable jams.

This phase of the work was concentrated on theascallibration procedure, which
does not deal with the external reference framgnalent calibration. This issue should be
also addressed in the next phase.

The development of a vectorially compensated flixgamagnetometer is still in
progress. The main issue is the availability oLiiable low noise magnetic material for the
cores, and improvements in its fixation and meatelrassembly.
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8. SUMMARY

The topic of this thesis is a design, developmemd, testing of a complex equipment
for scalar calibration of vectorial sensors of metgnfield. The scalar calibration procedure is
an alternative calibration method for calibratidrircaxial vector magnetometers which can
be used if the vector coil system for traditionalilaration procedure is not available or is not
accurate enough. The scalar calibration methodtiae advantages but also limitations.
Specific equipment has been developed in ordenprave its potential and possibilities. The
main instrument is a completely non-magnetic compabntrollable platform for mechanical
positioning of the Device Under Test (i.e. fluxgateAMR magnetometer). Bi-axial version
of the platform was developed during a six-montkrmship at the DTU SPACE, Denmark.
This platform has been further developed and exgrd the Czech Technical University in
Prague in order to suit local requirements. Thug af freedom has been added in order to
allow full testing of an electronic compass modualth electronic tilt error compensation.
USB based data acquisition module for high presiseiltaneous measurement of the DUT
output voltage was also developed. Its small dinozissand bus powered mode are excellent
for often transports to distant measurement SNesel construction of a vectorially
compensated tri-axial fluxgate sensor of magnétid fivas developed in order to understand
what limits the accuracy of the calibration proaed'he sensor provided very good results —
the quality of the calibration fit was the best aiga@ll devices that were calibrated using this
system, including state-of-the-art commercial magmeters. The instrument is being further
developed in the scope of other projects. The ¢eddiration result has a precision of £8ppm
and absolute accuracy is in the range of 50ppmsé kialues are comparable to the precision
of the calibration sites that uses the vector gggkem to calibrate the magnetometers. There
is a good potential to improve both the valuesppsals for changes in the system has been
stated.
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9. RESUME

Tématem této disektai prace je specificky druh kalibrace vektorovyamnzofh
magnetického pole, fjpadré zrychleni. Magnetometry nachazeji v dnesniédablatreni
v mnoha oblastech fimyslu a ¥dy. Na senzory jsou kladeny stale rdwgSi pozadavky, aby
bylo mozné dosahnout maximalriepnosti miieni je nutné tytoifstroje kalibrovat.

Pro kalibraci vektorovych senzpomagnetického pole se pouZivaji dasgji dveé
metody. Prvni metoda vyuziva znamého vektoru matkedto pole generovaného pomoci
soustavy iti navzgjem kolmych civek,iigemz kalibrovany senzor je v klidu v definované
pozici. Druhd metoda (tzv. skalarni kalibrace) Jyazkonstantni a homogenni zemské
magnetické pole, které se nechasgbit na kalibrovany senzor. Senzorem se postupn
mechanicky rotuje tak, aby magnetické paisgbilo rovnongrné na vsechny osy citlivosti.

Skalérni kalibrace je velmi vhodn& pro oriénfaneéteni a testovani ve vyvojové fazi
a pro o¥ieni paramefr pied odjezdem do certifikované labornap kde se pro kalibraci
pouzije typicky prvni zmigna metoda. Nevyhodou skalarni kalibrace je &rdwst na obsluhu
a ¢as. Bhem Sesti-résicni stdZze na DTU Space byl vyvinut unikatni autookgtidvouosy
plné nemagneticky polohovaci systém, ktery umgé rychlé a opakovatelné provedeni
procedury skalarni kalibrace.

Po navratu n&VUT byl systém roz$én o teti osu volnosti. Vznikl tak unikéatni
systém umoiujici navic kalibraci a testovani elektronickéhomigasu s elektronickou
kompenzaci ndklonu. Cely systém se sklada z komplegmagnetické polohovaci ploSiny,
potrebnéridici elektroniky a software a matematickych kalfimich algoritnti. V disert&ni
praci je prezentovan také vyvoj USB modulu pro diemni a vysoce ig@sné mireni
vystupniho nagti kalibrovaného senzoru.

Vyvinuty kalibratni systém byl testovan s dostupnymi koénémi magnetometry se
znamymi zargenymi parametry. Po odstran nékolika probléni nebylo jasné, jestli je
dosaZenaiesnost kalibrace limitovanagenym senzorem nebo kalidrdm systémem
samotnym. Pro asfeni byl vyvinut tiosy fluxgate senzor magnetického pole s vektorovou
kompenzaci reneho pole. Tyto senzory se vyZuag extrémm vysokou linearitou (<1ppm)

a stabilitou parameir Senzor je dale vyvijen v ramci projektu TR a byl navrzen pro
aplikaci v tendru evropské kosmické agentury — S@&MSe senzorem byldaigkalibraci
pomoci vyvinutého systému pro skalarni kalibragad®no vynikajicich vysledkpiesnost
kalibratniho fitu je viadu +8ppm. Vysledky odhalily problémy, které budeseny pi
budoucim vyvoji systému.
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