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Abstract

ABSTRACT

Versatile sensors are required for automotive appbns with high functionality and
good accuracy. These are subjected to operate trenex working conditions such as high
temperatures, moisture and vibration. Magnetic aasngare usually employed in automotive
technology, offering several advantages, they allmontactless, therefore wear-free
measurements of mechanical quantities such asamtanhgle and speed. Moreover they are
robust and inexpensive in manufacturing. Advangge tof magnetic sensors, based on giant-
magnetoresistance phenomenon (GMR) has been dedelothis allows larger working
distances, improved precision in angular positiogasurement in wider ranges, compact and
therefore cheaper sensor chips. GMR elements peeslaf ferromagnetic and antiferromagnetic
materials, which alter their resistance dramatyoathen a magnetic field is applied.

The principle aim of this work is to develop andplement a system model for the
magnetic circuits of the GMR-sensors used in autamadechnology. Conventional magnetic
circuits, used in automotive applications, such laack-bias magnetic circuits, are under
investigation . Within this model, parameters tthefine the functionality of magnetic sensors are
investigated. Such parameters are dimensions ofvgezel and magnets or air-gap performance.
Due to the sensitivity of the GMR elements it istgyorone to saturation. Therefore the purpose
of this model of the GMR sensors magnetic circigtio secure the functionality of the sensor.
Moreover it can be used to improve the performariche sensors. Investigations are carried out
in both two and three dimensions.

An automated solver is presented based on the aaftiieFANT developed at TU Graz.
With this model it is possible to execute simulaiof a magnetic circuit in an easy and fast
way. Additionally thorough investigations of the ckebias magnets influence have been
performed. Magnet structures have been simulatetl agtimized and their magnetic field
distributions on the surface of the GMR elementgehldeen calculated. New geometries have
been proposed where the simulated results showod ggreement with the experimental data.
The influence of the gear wheel geometries andngstts investigated as well, to ensure the
proper working conditions of the GMR magnetic seaso

Finally the three dimensional model of the magneiticuit is verified with experimental
results. This model is based on finite element oeitiFrEM) and is simulating the movement of
the gear wheel around the stator part of the magoecuit, the GMR sensor and the back-bias
magnet. Comparison of the simulated data with tkeemental results reveals a very small
deviation. The validated model can be used to imgrand optimize the performance of
magnetic GMR sensor arrangements.



Zusammenfassung

ZUSAMMENFASSUNG

Fur Anwendungen in der Automobilindustrie, in denbéohe Funktionalitat und
Genauigkeit gefordert sind, werden vielseitig einlsare Sensoren benétigt. Diese Sensoren sind
extremen Einsatzbedingungen ausgesetzt, wie zuspiBeihohen Temperaturen, Feuchtigkeit
und Vibrationen. Fir gewdhnlich werden in der Kiaftzeugtechnik Magnetsensoren
verwendet, da diese verschiedene Vorteile bieten.eBnoglichen ein kontaktloses und somit
verschlei3freies Messen mechanischer Grél3en wibvidn&el und Geschwindigkeit. Dartber
hinaus sind sie stabil und kostengtinstig in derstélung. Basierend auf dem Phanomen des
Riesenmagnetowiderstands (engl. giant magnetomesist GMR) wurden fortschrittliche
Magnetsensoren entwickelt. Diese ermdglichen giloifespalte, eine héhere Genauigkeit bei
Winkelmessungen in grof3eren Bereichen sowie komepakd somit preisglnstigere Sensor-
Chips. GMR-Elemente bestehen aus Schichten ferroet@sgher und antiferromagnetischer
Stoffe, deren Widerstand sich bei Einsatz einesndtgldes drastisch verandert.

Das Hauptziel dieser Arbeit ist die Entwicklung undplementierung eines
Systemmodells fir die Magnetkreise der in der Kahfzeugtechnik verwendeten GMR-
Sensoren. Es werden Untersuchungen zu herkommliMiagnetkreisen durchgefuhrt, die in der
Automobilindustrie Anwendung finden, z.B. Back-Bislsgnetkreise. In diesem Modell werden
Parameter, die die Funktionalitdit von Magnetsemsodefinieren, untersucht. Zu diesen
Parametern zéhlen die GrbéRRe von Zahnrddern und éfeagnoder die Luftspaltleistung.
Aufgrund der Empfindlichkeit der GMR-Elemente wigdne Sattigung sehr leicht erreicht.
Daher besteht der Zweck der Implementierung diddedells der GMR-Sensor-Magnetkreise
darin, die Funktionalitit des Sensors zu sicherreitds kann es zur Verbesserung der
Sensorleistung verwendet werden. Untersuchungendemer sowohl zwei- als auch
dreidimensional durchgefihrt.

Auf Basis der an der TU Graz erstellten SoftwareFBhT wird eine automatisierte
Losung prasentiert. Magnetkreissimulationen konménHilfe dieses Modells auf einfache und
schnelle Weise getétigt werden. Aul3erdem wurderageruntersuchungen zum Einfluss der
Back-Bias-Magneten durchgefuhrt. Es wurden Magneéisiren simuliert und optimiert, und die
Verteilung der Magnetfelder an der Oberflache d&R=Elemente wurde berechnet. Wo die
simulierten Ergebnisse eine gute Ubereinstimmurtgdem Versuchsdaten zeigten, wurden neue
Geometrien vorgeschlagen. Ebenfalls untersucht wlied Einfluss der Zahnradformen und
Einstellungen, um geeignete Einsatzbedingungedi@fiGMR-Magnetsensoren sicherzustellen.

Zum Schluss wird das erstellte dreidimensionale d&llodes Magnetkreises mit den
Versuchsergebnissen Uberprift. Dieses Modell aaidgrder Finite-Elemente-Methode (FEM)
und simuliert die Bewegung des Zahnrads um deroi&#t des Magnetkreises, den GMR-
Sensor und den Back-Bias-Magneten. Ein Vergleichr @&mulationsdaten mit den
Versuchsergebnissen zeigt eine sehr geringe AbwegchDas validierte Modell kann zur
Verbesserung und Optimierung der Arbeitsleisturgy@BIR-Magnetsensors verwendet werden.
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Chapter 1: Introduction

1 Introduction

This thesis investigates and introduces a 3D gtimi model for magnetic sensor
devices used in automotive applications. Thesei@gfns enable magnetic sensors to detect
various important automotive functions such as rbtation speed of the car’'s wheel or the
crankshaft rotation speed. For such applicaticiase ©f-the-art magnetic sensors based on GMR
technology have been investigated and their funatity has been simulated and then tested to
confirm the simulated results.

Simulation is used mainly for two important reasdfirst to understand the behavior and
functionality of the magnetic circuit under invggtiion. The second reason has a more practical
meaning since simulation is cheaper and faster ti@amexperimental procedure. Therefore, it is
easier to predict the behavior of an applicatigstisize it and change it if it does not meet the
required specifications.

1.1 Literaturesurvey

An introduction to magnetic circuit’s applicatioasd usage is given in the classic book
of Moskowitz where he gives a detailed explanatibthe creation and performance of magnetic
circuits [1]. Other books that give a thorough exition of circuits as well as analytical
mathematical methods to calculate simple formshef magnetic circuits are [2] and [3]. For
more complex geometries, the calculation of magnéelds is difficult using analytical
methods, especially when the analysis has to bforpeed in three dimensions. Therefore,
numerical methods and more specifically, Finitenidat Methods are used to derive and solve
field calculations. These calculation methods aesgnted for instance in the book of Sylvester
and Ferrari, as well as in many other books andksvigt] - [10].

In general the usage of sensors in automotive tdobw is described in [11]. Particularly
magnetic sensor concepts and working conditionseaained in [12] - [14]. In this thesis
magnetic sensors, using the GMR phenomenon astising principle of the magnetic sensors
are investigated. An introduction to the mechaniéiihe GMR is given in [15] - [17]. Numerous
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Chapter 1: Introduction

publications regarding the fabrication and invettimn of the ferromagnetic layers creating the
GMR stack have been published [18] - [20].

The magnetic sensors using GMR elements are expland described in [21] and [22].
In particular for automotive devices, an introdantito the magnetic circuit applications using
GMR magnetic sensors is presented in [23]. Moréggiiison the performance of the GMR
sensors in automotive applications is presented2#] and [25]. Although the working
conditions and performance of the GMR sensors)gramed in detail, the performance of these
sensors in the magnetic circuits and especiallyeiar wheel magnetic circuit applications is not
yet fully explained and investigated.

In this thesis a 3D model describing the GMR sengnagnetic circuit applications is
presented. With the help of this model, the cruciaduit parameters that define the functionality
of the magnetic sensors to assure the best penfmenal the GMR sensors will be investigated
and optimized. Moreover an automated field solvidrlve presented. With the help of this solver
the modelling and solution of an automotive magneticuit application will be demonstrated,
introducing a routine simulator tool which can pd® engineers with reliable and accurate
results of the magnetic circuit application.

In the following sections an introduction of the shamportant aspects of the magnetic
sensors and especially the GMR sensors as wellesisapplications in automotive technology
and the approach and the methods used to applyithgiven.

1.2 Magnetic sensor technology

Sensors are devices which can measure a physieabptenon such as temperature or
pressure. The measured quantity is transformedaintelectrical signal which can be used later
for various operations. One of the most importatégories of sensors are the magnetic sensors.
The main difference between these and other semgplications is that there is no direct
measurement of the physical quantities. The magsetisors measure the change or the strength
of the magnetic field as it is influenced by phemoia such as movement, rotation or electrical
current. The basic concept of the functionalitythed magnetic sensor is demonstrated in Figure
1.1:

Physical quantity
e.9. rotational speed/

angular position detection Sensor signal

|
|
Magnetic field Magnetic | | Electrical
|
|
|

. Magneti Cireut

Figure 1.1: General concept of magnetic circuit
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Another issue 9 the contactless measuremeni magnetic sensors. Sincsensors detect
disturbances of the magnetic field distribution, ttrdo not come intairect contact with th
physical phenomena which cie them. This is a big advantage becatmsy do notdirectly
interactwith the phenomenon under investigatand therefore, they cammtinuously detect it
changes. Moreovedue to contactless measurements, the outputis accurate and reliab
Another benefit of magnetic sensors is throbustnessand working stability under har:
conditions such adirt, contamination or humicy. Finally, magnetic sensorare small in size
and consequently havew power consumptic. They are easy to manufactamedtherefore they
are low-cost. Thémportance of th magnetic sensor business as well agyiowth per year is
shown in the Figure 1.2 [26].

Iilllons of LIS
)
J
']

i ZUi

N
B
&

Figure 12: Market growth for magnetic sensors

1.2.1 Magnetic nsors in automotive technologies: Overvie

Usualautomotive applicationwith magnetic sensors are used to degpesition, sped or
angle. Below, in Figure 1.3ne most important magnetic sensor applicatioresnmodern c: are
revealed.
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Compass, HVAC position,
Throttle. EGR sunroof, wipers
valve position VAR

Throttie by wire

gine oil and
rake fluid
level

Current sensors for HEV battery

management. wing mirror

position. steering wheel angle
torque

Starter / Alternator,
stop/start systems

Figure 1.3:A schematic of magnetic sen applications in a caef]

One of the mostiportantapplications of sensors is the ABS systénypical ABS/ESF
(Anti Braking System/ Electronic Stability Systesystem corists of the central electronic ul
(CEU) andfour magnetic sensc. One of each is situated on eveviieel ancon the hydraulic
valves for the braking syste&MR sensors which are placed in the wheel hubsusee tc
sense the rotation speed and the ¢ as well as position of the car wheklit is be sensed that
any of the wheels is rotatirgjowerthan the other wheelthe signal of the magnetic sensor \
inform the CEU whiclsubsequentlwill give an order taeduce the braking force in that whe
The same happens if eithafrthe wheels rotas faster than the others. ABS allows the drive
maintain steering cordl under any braking condition and to shorten traking distance<The
ABS can be felt by the drivdry characteristic pulses through the brake pedal.

ESP systems are comprisof a gyroscopic sensor which detects the directhat the
wheel of the car is turnedf. the wheels direction is not the same with wheg sensor says, tl
ESP system indicatashich wheelhasto brake or not so that the car goes the way thesic
intends. Additionally, magnetspeed sensors are us for applications such &BC (Cornering
Brake Control). Sensors tiie ABS system can commathe whels on the outside of the cu
turn, to brake more than wheels on the inside.remtéy the two wheels toward the center of
curve turn slower than the tvam the outside cthe curve.

Speed sensors for transmission purposes and engimeol are used to measure
angular position and speed of the cranks which areresponsible for the movement of 1
wheels. Moreoverspeed sensors ¢ used to measure the angular speedaofishaft responsib
for the operation of the valvethatallowsthe air and fuel mixture in the engine and the esl,
out of the engineNowadays, with the introduction of variable valmnihg technolog, it is
important (imperativejor the sensrs to have a good repeatability of the signal amaisp shift
These two features are essential in improving thidopmance of the engine. Controlling 1
engine to work at its optimum condition improves thel consumption and the reliability of t
transmission. In generathe most important automotive applications are aedi in the
following Table 1.1:
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» Transmission input/output speed
« ABS/ESP
Speed Sensor| - Clutch position — DCT (Continuous Clutch Position)

Applications: | ¢ Gear position
* CVT (Continuous Variable Transmission)

* Throttle-valve angle
Angular Sensor ° Steering wheel angle
Applications » Lighting and Seat position
PP * Pedal position

Table 1.1: Magnetic Sensor Applications

1.2.2 Magnetic sensor technologies used in automotive tawlogies. Introduction to
GMR technology

Up to now, various types of magnetic sensor teagiet were used to measure the
change of the magnetic field. The first technolagyich had been used are fluxgate sensors,
where a coil was wound around a ferromagnet. The flassing the coil changes if the coill
rotates in a non uniform field. A change in thetagé at the output of the sensor is proportional
to the change of the magnetic flux which is senggdhe coil. These kinds of sensors face
various problems and are no longer used for autemapplications.

The Hall-effect sensors are widely used and aredas the Hall phenomenon [28].
According to this phenomenon, a voltage drop ocewr®ss a thin plate which is crossed by
electrical current, when it is subjected to a maigrfeeld perpendicular, to the plate. It is based
on the Lorentz force where, when an electron isingpalong a magnetic field, it senses a force,
perpendicular to electron movement and the magrieiid direction. For a simple metal, the
drop of the voltage is given by the following eqaat

ICB
VHa” =_—n Celd . (11)
Here | is the current, B is the magnetic flux dgndil is the depth of the plate, e is the electron
charge (since we have a metal), n is the densig¢yeatrons.

Another magnetic sensor type used in automotican@ogy is based on anisotropic
magnetoresistance (AMR) [29]. The change of thistasce of the sensing materials depends on
the angle between the magnetization direction &edcurrent. The resistance change as the
square of the cosine of the angle, formed by thgnatzation and the current passing through
the sensing element. The angle depends on the tuadgraf the external magnetic field.
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Chapter 1: Introduction

State-of-the-art magnetic sensors are based ogidm¢ magnetoresistive phenomenon.
Magnetoresistance is a change in the resistanseddy the external magnetic field. It has been
found that for a stack of ferromagnetic and antiferagnetic layers, the change of the resistance
is very high (giant change). In some cases theilaygt stack of (Fe7Cy)has a change in their
resistance up to 50% for low temperatures [30]cdmparison to the previously mentioned
sensors, GMR sensors offer a variety of benefitshsas high sensitivity and linear operation
over a wide range. They can detect very low extelirlls such as 10 nT at 1 Hz and up to
106° nT. Another important issue is that they operatden harsh environmental conditions and
they have a good temperature stability. They ate tboperate from -55 °C up to +150 °C. The
GMR elements can be deposited by the lithograpbggss in a small area of the chip. Due to
their small dimensions, the overall dimensions le# sensor are kept small limiting also the
power consumption of the sensor.

All the previously mentioned benefits and advansage GMR sensors make them the
best candidate for magnetic circuit applicationabl& 1.2 shows the differences between Hall-
effect, AMR and GMR sensors. The grading of théetaddone in the following way: + good; 0
average; - weak performance.

Py

Benefits/Elements| Hall AMR G

Sensor Size: + -

Signal level: -

Sensitivity: -

Temp. Stability: -

Module weight: -

+|+|o|+ |0

Module size: -

Power conservation: + -

+l+ [+ ]+ [+ |+ ][+ |+ Z

System cost: + -

Table 1.2: Comparison between Hall, AMR and GMRvaats

From Table 1.2, the benefits and usefulness anmsiwa of GMR sensors in comparison
with the other sensors technologies are apparené © their advantages, the automotive
magnetic circuit applications with GMR sensors #re subject of this thesis. More precisely,
besides the GMR sensors usability, as having hegisisvity and low field detection capability,
the GMR elements can easily be driven into sawmafThis can happen if the detected magnetic
field reaches a critical value. To overcome thebfgm, a simulation model is proposed which
can calculate the field distribution on the surfateGMR elements in three dimensions (3D).
With this model it is possible to correctly choabe magnetic circuit application where the
GMR sensor detects the changes of the magnetig#ixeassuring that the GMR sensors always
work in their operating-window conditions.

12
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1.2.3 GMR technology: Application and characteristics

The GMR phenomenon was discovered in 1998 sepaiayeBaibich [30] and Grinberg
[31] and [32]. For the discovery of GMR phenomemath were nominated for the Nobel Prize
in Physics in 2007. Currently GMR is used in memigghnology (MRAM - Magnetoresistive
Random Access Memory) as well as for magnetic seapplications [33]. GMR materials
consist of a stack of ferromagnetic and antiferrgnagic layers, which drastically change their
resistance under an external magnetic field. Sachel GMR resistance values have been
observed in magnetic multilayer’s such as Fo-Cr @oeCu. The measure of the GMR effect is
given by the characteristic change of the resigganarmalized by the minimum resistance of the
stack (the resistance for zero magnetic fieMR/R, when magnetic field changes by an amount
of AH. A positive or negative external field parallel the layers stack will produce the same
change in the GMR resistance.

GMR is a quantum mechanic phenomenon created dudhetospin orientation of
conducting electrons while they pass through theRG#tack. The ferromagnetic layers of the
GMR stack have a magnetization M, which definesntfaeroscopic axis of the electron spin of
the layer. Magnetization is given by the sum of @ab@mic magnetic moments. The spin S is a
guantum mechanical quantity which specifies thaularxgnomentum of electrons. The magnetic
moment of the electron is given by the equation 1.2

H=-gUug LS. (1.2)

The gyromagnetic factor is g ang is the Bohr magneton. The magnetic spin S has two
orientations with respect to the magnetization Me Pparallel orientation where the spin has the
value S=-1/2, is denoted as spin-down state. Therairientation is the antiparallel to M where
S=+1/2 and is denoted as spin-up state.

The GMR phenomenon is present due to the interactb electrons with the
ferromagnetic materials. The change of the reststan GMR elements occurs when they are
under an external magnetic field and when theysabgected to an external dynamic bias, that is,
current passes through the layers of the stadckelspin orientation of the electrons is paralbel t
the magnetic orientation of the ferromagnetic lajlee electrons move freely and the resistance
remains low. If the spin orientation is antiparbfie the orientation of the layer, resistance
increases due to collisions with the atoms of #yels. The antiferromagnetic material is used to
provide the antiferromagnetic coupling with theré@nagnetic layer. Antiferromagnetic coupling
status stands for neighboring layers with antipalrahagnetization direction. By applying an
external magnetic field, the magnetization diretdiocan be changed, changing also the
resistance performance of the stack. This idemgitysed to measure the field intensity change in
magnetic sensors. A proposed simple model of a GM® layer stripe is dependent on the
cosine of the angle, between the adjacent magnetization’s directi&ug {.3) [34]:

13
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%—ZA—;@— my Cim ) =2A—F:i[(1-cosé’)], (1.3)

where R is the stack resistan R, is the resistance of the stack when magnetization

directions are in parallel directio AR is the difference in resistance of the GMR stadkvken
the parallel and antiparallel state of the layarsd m,, m, are themagnetizatios per unit
vectors of the 2 layerd:rom the above Equation 1.3, it is obvious thatdaotating externe
magnetic field the GMRresistance has a cos-response. Figure 1.4hows the outpt
characteristic curve of a GMR material, the chapigeesistance with the applied magnetic fi
It can be seen that treame magnetifield intensity (positive or rgative field) results in th
same change of the GMR resista

q,z <+
/‘ Sense Layer

= Pinned Layer

Resistance

A
Y

Field (Oe)
Figure 14: Output characteristic curve of GMR

For sensor applicationg,typical GMR configuration is based aspin valve technolog
structure [35]. The spivalve formation consis of three layers. Two ferromagnetic layare
separated by a spacer laygeating a sandwich form. One ferromagnetic layas h fixec
magnetization direction and cglled pinned or hard layewnhile the other ferromagnetic ler is
free to rotate to external fieldimagnetizatio and is termed as free or soft la For the sensor
applications the pinned layer hasmagnetizatiorfixed in a direction perpendicular to the e:
axis of the free layer. This configuratiproduces a linear responaden the external field
applied in the magnetizatiafirection of the pinned yer. For small magnetic fields the respo
of the GMR resistance imear and thentensity influences the magnetizatidimection (angle)
of the free layer onlyin this case thmagnetizatiordirection of the free layer rotates parallel
antiparallel to thenagnetizatio of the pinned layer resulting in changing the sty of the
GMR elementThe change in GMR’s resistivity is analog to therage hardaxis magnetization
of the free layerAs the external field strength incres further, thepinned layeimagnetization
will be in parallel with theree layermagnetization leading ta parallel resistance state (simi
to saturation state). Figure 1sthows this in the plateau region of the GMR curve. Thacgp
layer situated in between the two ferromagneti@igyis used to ncallow the ferromagneti
layers to be coupled directlfhe GMR effect can be explained withe interlayer exchancg
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coupling (IEC). In the spacer, the non-magneti@tafjorm spin-polarized states (quantum well
states). A majority of the spin states from thederagnetic layer overlaps with these states, and
make the transformation of these electrons whiale e majority spin state possible, whereas,
electrons with minority spin states are sustainedhie ferromagnetic layer. The interlayer
exchange is described by the equation 1.4:

2
_ . MOM, M,OM, | __ _
Eiec = Jl(ﬂ\/llIEIle) J{QM1|E|M2|)] J, cosp — J, cos’ @, (1.4)

where ¢ is the angle formed between the two magnetizatimactions. M and M are the
magnetization directions of the ferromagnetic laydris denoted as the coupling constanis J
referred to the antiparallel alignment of the mdgia¢ions whereas,Js referred to the weak
coupling, meaning the transaction forms the andilelrto parallel region. A typical top-pinned
spin valve structure is shown in Figure 1.5:

Ta — protected layer

Pinned layer (eg. FeCo)
—>

Free spacer (eg Cu)

Free layer (eg NiFe)
-

Ta - buffer layer

Figure 1.5: A top-pinned spin valve scheme

The buffer and protected layers are used to protecspin-valve from corrosion. The use of the
free spacer must assure the free rotation of tlee fayer magnetization. This can be
accomplished by setting the thickness of the séipardayer to more than 2 nm. After the

deposition of the ferromagnetic layer, the pinnealgretization direction can be achieved by
depositing on top of that layer another layer whinkeracts in a strong antiferromagnetic
coupling, locking the pinned magnetization direstioSuch forming is called synthetic

antiferromagnetic (SAF). Another way to create pivened magnetization is by heating the layer
with a current flow, or preferably with laser puséfter cooling, it is possible to form the

pinned direction.

There are two formulations of the GMR spin-valteictures. In the first, the current
flows in the direction normal to the layers of tB&R elements. This geometry is referred as
Current Perpendicular to Plane (CPP) [36]. Unfaataty, to get reasonably high output results
with the CPP configuration, the GMR element musteha cross section of 100 nm which is
difficult to produce. Therefore, for magnetic seissdhe GMR structure is constructed in a way

15



Chapter 1: Introduction

that the current flows in-plane across GMR stadks Tonfiguration is termed Current In-Plane
(CIP). The CIP-GMR geometry is depicted in Figur@. 1

LN\
X XX 7 7 \7
- -
\ e—
High resistance Low resistance

Figure 1.6: Graphical representation of CIP-GMRfipmation with the 2-current model.

The electrons in the CIP configurations travel gltime spacer layer and they are strongly
scattered by the ferromagnetic layers (state di hegistance) when the magnetization directions
are antiparallel. By changing the external fieldemsity, driving the layers in parallel or
antiparallel magnetization state, it is possibleggéb the output characteristic S curve of Figure
1.4. The current consists of both spin-up and sjpwn electrons (two-current model). In Figure
1.6 the blue lines denote the spin-up electrongevthe red lines depict the spin-down electrons.
According to this model, the spin-up or down elect in the parallel state keep their spin
direction in all the ferromagnetic layers and thectons face less resistivity. In the antiparallel
state, on the other hand, spin-up electrons for fdmeomagnetic layer become spin-down
electrons in the neighboring layer where they amengly scattered, increasing the resistivity of
the GMR stack. To get higher resistance valuekenQlIP configuration, the structures should be
formed with a pathway as narrow as possible ant wilarge interface of the layers so that the
electrons can travel easily by the structure.

Typical dimensions of GMR stacks in sensor techgplare approximately 7Qdn in
length, with 1 mm depth and a thickness of a fewonaeters. For device sizes belowart,
thermal fluctuations create an intrinsic magneticisea which limits the device output
characteristics. Another important issue are théaie which can be created during the
deposition of the layers. Such defects drive magaidn direction in disorder around those
points. These fluctuations appear as a signal nieigee output sensor signal.

1.3 Types of GMR magnetic sensors used in automotive technology
The GMR elements are usually placed in a Wheatstomgge configuration for sensor

implementation. Typically, there are two types d¥l& element based magnetic sensors, speed
and angular sensors. Their basic concept is disduaghe following:
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1.3.1 Speed Magnetic Senso

The GMR sensors are arranged in a Wheatstone bdagiguration integratein the

chip. The usuaGMR structure is demonstraten Figure 1.7.
O v+
(supply)

R4 R1

Vdir

D R

R2 R3 Vout

| V- (ground)

Figure 17: GMR Wheatstone bridge configuration

This arrangemenis used tominimize the DC offset signaloming from theoutside
magnetic sources as far pgssibl. The GMR’s pattern indicates that the differentiadgnetic
field changesamong the two Wheatstone I-bridges is measured. Thesultingsignal coming
from the bridges given by the following equatit 1.5:

R
R+R, PR+

Vsign =Viett ~ right =Vpp = Byt ~ eright' (1.5)

The above equation is valid, since the change sistance of the GMR elements has a lir
response with the change in magnetic f

The voltage signal is amplifiiand sampled with an AD convert@ffset corrections an
calculations of the switchg threshold are performed in the digital parthef thip.To determine
the optimum threshold switching, meaning the -crossing points of the detected magn
field, the signal extremeoints are continuously detected by the digitalt pard the offst is
calculated. Thigefinition of the zero poin leads tothe creation of the output signal of 1

sensor. Figure 1.8hows the block diagram of the GMR sen:
? Vs
|

4{ supply ‘ reset |

1 I
digital part

signal
evaluation
switching
threshold

digital
comparator

| | direction | |
detection

re-am

<

multiplexed|

i
B

12bit
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I
2

Figure 18: The basic concept of GMR sensor
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To avoid noise calculations an internal threshiohot is used, below which the detection

is not possible. This has also an effect in the@aj distance performance creating an upper limit
in the circuit application. Exceeding the uppergap distance will lead to not detecting output
signals from the GMR sensors. Starting with rotatihe rotor part of the magnetic circuits,
GMR sensors are to determine the position of th®-zessing points using a calibration
algorithm. In this case, the first detected pukbe 2 magnetic edges) is used to calibrate the
detected magnetic signal to find the offset andrefloee determine the zero-points.
Schematically, this calibration procedure is shawrFigure 1.9, where the detected magnetic
differential field is presented on the top of tlthame and the output sensor signal at the bottom.
It is clear that for any detected zero-point of tii@gnetic field, the output signal is switched.

B,
B

t

Figure 1.9 Detected magnetic field and output sensors sigliaE 5041C, GMR-based Wheel Speed Sensor. Infineon
datasheet )

The GMR sensor which is described in Figure 118sisd for crankshaft applications. The
four GMR elements in the Wheatstone bridge areeplaat the edge of the sensor chip. They
measure the rotational speed of the pole or geaelwdnd rotor part of the magnetic circuit
application. Moreover, in the center of the chippther GMR element is responsible for the
measurement of the direction movement. The signat the center element creates a phase shift
of 90° from the speed signal. This phase shifttielais transformed in the output direction
movement signal.

1.3.2 Angular Magnetic Sensors

Angular magnetic sensors are used to measure ttagioral magnetic field [37].
Especially, using GMR sensors, the detection ofrth&tional angle can be over the whole range
of 360°, since the magnetization of the free layfeahe GMR element rotates freely and does not
interact strongly with the fixed layer magnetizatidhe resistance of the GMR element changes
proportionally with the cosine of the angle of thgternal field with respect to the fixed
magnetization direction of the pinned layer. Theasugement of the angular resolution of the
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magnetic field is given by the relative change lad tesistance of the GMR elements over the
range of the angle.

Figure 1.10: Scheme of the two bridges with the megigation direction

GMR elements are arranged in two Wheatstone bridgee to their configuration, the
elements create positive and negative signals whensense the same external magnetic field.
For this reason, the direction of the magnetizatioithe GMR elements differs. A scheme of the
two Wheatstone bridges and the orientation of migmgitéon of the pinned layers are depicted in

Figure 1.10.

Figure 1. 11a: Calculation of the rotated anglegisi Figure 1. 11bBridge voltages while the external field is
the unit circle. rotated

angial)

In such an orientation, one bridge generates aneasignal as output, the other one a
sine. To generate a sine signal, in bridge B, tivthe GMR elements should have their pinning
directions with a 180° phase difference in commerisvith the other two elements and the
direction of magnetization as can be seen in Fidui®. The angle of the external field is
calculated by applying the arc tangent functiomath signals. In Figure 1.11a in the unit circle,
the representation of the cosine signal generated the A bridge and the sine signal generated
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from the B bridge can be seen. The artgie the scheme of Figure 1. 11a measures the attern
magnetic field angle. Figure 1. 11b shows the twgmals as the output signals of the two
bridges.

For more accuracy, the two bridges can be spld ik single elements which have a
circle arrangement to minimize the angle errorater@ For such applications the GMR elements
work in the hysteresis plateau area, where the stamtion directions are in antiparallel state
and have the highest possible resistance (Figte The GMR angular sensors are very
sensitive in hysteresis effects which can produnggikar errors measurements.

1.4 Magnetic circuits used in automotive technology

The usual terminology of magnetic circuits consdtsa field source; that are magnets or
coils, and magnetic materials; poles, which ar¢-is@gnetic materials that guide and direct the
magnetic flux. An important issue in magnetic citgus the number of paths that the magnetic
flux follows to return to its origin. Magnetic cinis are either closed or open circuits. Most of
the magnetic circuits are open meaning that a guortif the circuit consists of air gap, and
therefore the magnetic flux passes from this gagnee flux lines follow paths of greatest
permeance. Typical magnetic circuits used in autov@@pplications are:

- Pole wheel magnetic circuits

- Gear wheel magnetic circuits

1.4.1 Pole wheel circuits applications

Pole wheels or encoder wheels circuits consisa @ode wheel and the magnetic sensor
which is placed along the outside surface of theelkhThe pole wheel is constructed of a
cylinder of ferromagnetic and a non-magnetic mateAlternating north and south magnetic
poles are symmetrically located on the circumfegeatthe wheel. Usually there are 48 pole
pairs. Each pair denotes a patch of the pole wBsslides this radial arrangement of the magnet
poles, there are also applications where the megpeles are placed radially. A schematic of a
pole wheel application is shown in Figure 1.12. Regdicts north poles and blue south poles.
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=

Figure 1.12: Pole wheel magnetic circuit

The usage of the magnetic encoder is that theeglald distribution on the surface of the
GMR elements is always uniform. Along the surfat¢he element, the field distribution in the
x-direction is always normal to the field distritart in the y-direction. Besides the good
performance characteristics, pole wheel circuit liappons are robust and rather simple
therefore, easy to manufacture.

1.4.2 Gear wheel circuits applications

Gear wheel magnetic circuits used in automotivarietogies consist of a toothed wheel,
the magnetic sensor and a magnetic source usuaiggaet. This magnet is termed as the back-
bias magnet since it is situated at the back sidieeosensor and it is also the source, bias, ®f th
circuit. For the proper implementation of the magneircuit, the back-bias magnet should be
chosen to create the least possible magnetic off$et ideal case would be to create a field
distribution on the GMR surface which is normaltt@ surface of the GMR probes in the
absence of the gear wheel. In practice however,taueagnet construction reasons, the GMR
elements always sense an in-plane magnetic fieldhvreates a small offset. On the other
hand, GMR elements are sensitive on the surfad# distribution along their stack. The field
distribution on the surface of the GMR is a constitt of the field component in-plane to the
easy axis of the free layer and the field compopenpendicular to the magnetization axis. This
normal component can change the characteristitiseoGMR elements, influencing the GMR’s
sensitivity and shifting the linear region of Figut.4 leading to increase the GMR’s saturation
magnetic field intensity value.

The sensor and the back-bias magnet are fixedewiid wheel is subjected to rotation.
The sensor is placed between the rotated wheetrentack-bias magnet. The fixed part is the
stator part while the toothed wheel is the rotort ph the magnetic circuit. The gear wheel is
formed by a sequence of tooth and gaps or not&eeh pair of tooth-gap is cited as the pitch of
the wheel. The wheels according to the applicatghsv that they can have rectangular teeth (as
in Figure 1.13), angled-shape teeth, or even no tedh. In the latter case, the wheel is made of
ferromagnetic material where the tooth is repldaogd gapA schematic of this typical circuit is
shown in Figure 1.13.
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SV

W back-bias magnet
W magnetic sensor

Figure 1.13: Basic magnetic circuit application

GMR elements easily reach the saturation mode agatigat stage they do not reveal any
information about the magnetic field changes alttreggear wheel. Therefore, it is important to
make sure that the field distribution on the swefat GMR elements is in the linear operating
range. According to the strength of the magnetntlagnetic sensor should either be attached to
the magnet or placed a distance from it. The digtdetween the tooth and the back side of the
GMR sensor is the air gap distance of the ciré¢tot.the magnetic circuit of Figure 1.13 the field
distribution on the x-direction along the GMR elemsurface for a rotation of 1 pitch can be
seen in Figure 1.14. This field distribution isiged from 3D simulations and the shape of the
curve has a sine-form since the magnetic sensosunes the change of the field distribution
while it passes through the pitch of the wheel.

Bx(mT)
"ot

. \\/
L0 5 10

angle of rotation(°)

Figure 1.14: Bx field distribution for a rotatioffi D pitch

The magnetic fluxes will always follow the shottpath through a medium which should
have the highest permeance. Another important cterstic is that the flux lines always repel
each other when they have the same direction @f #od they do not cross or meet at all.
Therefore, in the gear wheel magnetic circuits, fthees propagate through the air to the gear
wheel. The ferromagnetic wheel (which has much drighagnetic permeability than air) acts as
an accumulator of the magnetic field. Since thedhi travel in a closed loop, they bend
according to the position of the gear wheel. As Ibesn mentioned previously, GMR elements
are placed in a Wheatstone bridge configurationehVtne half bridge is on top of the tooth
which means high resistance performance, the dibHrbridge faces the gap revealing low
resistance performance. So when the stator patheofcircuit faces a tooth, maximum field
passes through the GMR elements (in Figure 1.Btishshown as the apex of the sinus-curve)
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whereas minimum field distribution passes whenstiagor part faces a gap of the gear (shown in
the curve of Figure 1.14 by its shallow part). Téhiserence of the field distribution is sensed by
the GMR elements and is transformed to an eletwigaal as the output of the magnetic sensor
used to measure the angular velocity or the posdicection of the wheel. In this thesis the gear
wheel applications are examined and analyzed tamgm and model the magnetic GMR
sensor’s working conditions.

A major drawback regarding both magnetic circuged in automotive applications with
GMR sensors are the vibrations. Usually, in thedséll mode, vibrations of the stator or the
rotor part can give an output signal, creating usitin regarding the status of the physical
phenomenon which is measured by the magnetic sensor

1.5 Magnetic circuit investigations/ field analysis

An important issue is the setup and proper opmraif the magnetic circuit applications.
For instance, for GMR sensors operating in gearelvmagnetic circuits, it is of utmost
importance to secure that the GMR elements operatdeir linear window range. Other
important parameters that define the potential tionality of the sensors are for instance, their
air gap performance or the influence of the baeshmagnet strength. Using models and
calculations, it is possible to predict magneticuwit's working conditions. These calculations
can be done both in 2D and 3D although there ames@strictions in the process due to the
geometry representation. In the following sectiamsshort introduction to the equations
governing the electromagnetic field is given. Apuhin magnetic circuit analysis as well as the
methods to solve and optimize the design will hegi

1.5.1 Review of Maxwell Equations

The description of electromagnetic fields and theeraction with materials is fully
described and explained by the Maxwell's equatif8&. The four equations (Eq. 1.6) are
presented in Table 1.3 in both differential aneégnal form:

| Differential Form | Integral Form | Equation name]
oD oD Ampere Law of
VXH=]+= fH'dl=f(]+E)'ds circuits
VB =0 jﬁB -ds =0 Cacretom (16)
0B f f 0B :
VXE =—— E-dl=—-| —-ds Faraday Equation
Jt Jt
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VD =p fD -ds = jpdu Gauss Law

Table 1.3: Maxwell equations both in differentiabantegral form

The field vectors in the above equations &eis the electric field intensity (V/m) is the
electric flux density (C/f), H is the magnetic excitation (A/mf, is the magnetic flux density
(T), J (A/m? is the free current density apds the free charge density (C)mThe free charge
is a charge that can be moved easily through arirabteeating the free current density.

Ampere’s law states that the closed path of magrieid intensity is equal to the free
current on the surface of material where the patlpassing. The Gauss Law of Magnetism
describes the lack of sources in magnetism (rotatidield). The amount of magnetic flux
entering a closed surface equals with the same aihoddlux leaving the surface. The flul, of
the magnetic field over a surface is given by tipeation:

D= I B ds (1.7)

Faraday’s law proposes that the electromotiveefamca stationary closed loop is equal to
the negative rate increase of the magnetic fluxsipgsthe loop. The negative sign implies that
the created electric field opposes the changedamrthgnetic flux (Lenz law). The last equation,
the Gauss equation shows that the total electricDl passing by a closed surface is equal to the
total free charge in that surface.

1.5.2 Quasi-static and Magnetostatic theory

For low-frequency applications the Maxwell equasi@re described with the quasi-static
theory. Low-frequency applications refer to prob¢eof a region of interest which are small
enough compared to the electromagnetic field wangthe In this case, any change in the
magnetic field occurs directly all around the regidJsing this theory, circuit analysis or
electromechanical devices can be analyzed. Thetiegaadescribing quasi-static theory are
derived from Equation 1.6 of the Maxwell equatidmst with no time derivatives. These
equations in their differential and integral forne @resented below:

VxH=] 7€H-dl=f]ds
VB =0 3€B-ds=0 (1.8)
VXE=0 3€E-dl=0
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VD =p fD-ds=jpdu

In the special case where there is no time vanatsuch as in the field distribution of a
magnet structure, the magnetostatic theory is used far as magnetic applications are
concerned), which is derived by the two first equreg of Equations 1.8. Magnetostatic field is
defined by the field intensiti, and the flux densitf3. These two quantities are linked together
with the constitutive law. The constitutive equatim general, gives the response of material
with the magnetic field. For a material with perraahmagnetization, to describe the magnetic
characteristics of the material it is used the ttutere equation which is given as follows:

B:,UO(H+M) (19)

M is the magnetization ang the permeability of space which is a constant eialthe above
equations are the general equations used to destitdb magnetic field distribution and the
interference with materials in magnetic circuit kgadions.

1.5.3 Numerical modeling of Magnetostatic problems, Comptational
Electromagnetism

A magnetostatic problem can be defined [39]: 1) deyting the partial differential
equation of Poisson type (or when there is no sutlte Laplace equation), describing the
problem’s potential and, 2) by defining the bourydemnditions over a space where the problem
is bounded. Let’s consider such a problem in 2Drevf@escalar function f (e.g. in magnetostatic
the scalar potential) is to be calculated and it is characterized lyftilowing equations:

~O(af )+ f =s (1.10)
f=p along G (1.11)
ﬁ(an )+ ¥ =q, along G (1.12)

where C is the boundary of a well defined areahef problem. The boundary condition of
Equation (1.11) is called Dirichlet condition andsdribes a potential value at a boundary
segment; it is referred to also as the essentiaind@ry condition. Equation (1.12) is a
Neumann’s boundary condition which describes aigradat a boundary segment, and is a
natural boundary condition. Here, the partial dédfgial equation (PDE) using the boundary
values as reference conditions has to be solvedippsoximate the solution of the PDE, the
relaxation of the weak formulation of the probles needed. By choosing a suitable test
function, ;, and integrate it over the region of the probléme, PDE equation (1.10) is changed
to:
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ch(— D(a0f )+ A )dS:Jqst. (1.13)
By integrating by parts, using the Gauss theoreamweak form of the problem is given by:
J-(achDf +,8cqf)dS—J.cq(q—yf)dI =J.cqst (1.14)

The area of the problem is divided into a gridsafall sub-volumes called the finite
elements. Adjacent elements should not overlap e#loér and a vertex of one element should
not lie on the edge of another element; to endweontinuity of the grid. For the nodes, vertex,
of each element of the grid, the solutif¢r) is approximated with a polynomial equation, the
so-called basis functions:

f(r)=_ZN: figi(r) (1.15)

where i stands for the number of nodes, gnds the basis function. Equation (1.15) is
substituted into the weak form equation (1.14)fild a solution to the problem, a test function
is chosen to minimize the weak form. It is chodes test function to be the same as the basis
functionwi(r) = ¢i(r) (Galerkin method). By solving for the unknoyinwe get a system of linear
equations:

(A .} ={b}. (1.16)

The matrix elements of the linear equations arergivy:

A= j (@040, + g, His+ j o d (1.17)

b =I¢i9d8+j¢iqdl- (1.19)

The index j is referring to all nodes of the prablehereas i is referring to that nodes where f is
unknown. Similar matrix forms are created for eatthe elements of the problem that has been
discretized. Using this approach (the finite eletmanalysis), a linear system of equations
approximates the solution of the PDE problem (EdO)Jlregardless of the complexity of the
problem. Due to the simple arrangement of Equatid® the formation, process and solution of
the matrix systems can be generated by creatingpotansoftware. The Finite Element software
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not only can solve the problem but can also vigeale results showing the value of the method
in solving complex Electromagnetic problems [40].

Due to the approximation of the concept using pofgial equations, errors are
introduced into the calculation of the scalar fimttf. The estimated error is given by the
following equation:

f)
o=1--1, (1.20)

where f) and f are the approximated and exact solution valueabttie node i respectively.

An important issue when examining magnetostatiobl@ms, particularly magnetic
circuits, is to identify and optimize the workingrformance of these circuits. Optimization is
performed to a suitable function called objectivadtion. The unknown variables which need to
be evaluated to optimize the objective function eatted design variables. The solution is to
minimize the objective function using an initialsign variable x The choice of the initial
variable is usually a guess value. The finite el@hmeodel starts to be executed with the initial
variable and its step. A loop is created in whioh Yariable once again changes the finite model
and the objective function gets a new value. Thecgss will continue until the minimum of
object function is found, or a better value thaa thitial one has been calculated. The more
design variables to be investigated, the more cmaeld the model that is created becomes;
therefore it takes more time to converge and opgtnthe objective function. The concept of
optimization technique for magnetostatic problemhsnagnetic circuits is presented in [41] -
[44].

1.5.4 Analytical modeling of Magnetostatic Problems

For problems with complicated geometry, the solutprocedure has been presented in
the previous section. For simple problems, it isgiade to use analytical methods. Analytical
methods are more straightforward and faster. Magetwe errors are smaller than in the case of
numerical techniques. For the case of simple mageeinetries, the magnetic field distribution
can be calculated using the current or the charggeinwhere the magnet is approximated by
currents or ‘magnetic’ charges on the surfaces@f tvolumes respectively [45] and [46]. In the
case of the method of magnetostatic images, a miagta@main with permeability located at a
distance A from the half space of infinite permégbtan be approximated by two line currents
of equal magnitude and direction being a distaeeTe field distribution of the current and its
image current which is placed at 2A distance awagte the same field as the media.

An interesting calculation method is the confornmahpping technique. Conformal
mapping can be utilized in two dimensions. Witlsttdchnique, certain complicated geometrical
problems can be transferred into simple ones whar be solved using the above methods.
Conformal mapping uses complex functions to perfah@ transformation to configurations
which can be analyzed easily. The technique isdasedesigning both the original xy-plane
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(physical plane) problem under investigation anel tiv-plane (model plane). Both planes are
complex planes described by the complex functi@ys+iy and om=u+iv respectively. For
polygonal shapes such as the gear wheel the Sci®maiztoffel transformation can be used [47]
and [48]. The polygon shape can be transformed Itoeaor a circle using the transformation
equations and reducing the complexity of the pnobl€hose transformations can even be done
easily using Matlab [49]. In the work of Dreuseragta transformation of Printed Circuit Board
(PCB) has been presented to calculate in 2D thetr&lmagnetic Compatibility (EMC) [50].
Electric machines investigations using the aboekrigue are presented in [51] - [53].

The conformal mapping method can give analytioaitons to complex electromagnetic
problems. The main disadvantage of the methodaisiths only applicable for 2D problems and
infinite permeability. In our case it is not usefalnce the field distribution on the surface of
GMR elements is needed. The investigations of tbblpm have to be done in three dimensions.
3D simulations can be performed in an easy and atatipnal manner using the finite element
method, and therefore this will be the main caltatatechnique in this work.

1.6 Outline of thethesis

A brief description of the work has been presenfdte magnetic circuit applications
used in automotive technology have been demondtrdikewise, the magnetic sensors
technologies were introduced with a more detailespection of the GMR magnetic sensor
technology, the sensors and their performance ignetéc circuits were investigated in this
work. GMR technology was also introduced and theelies of using this technology in
comparison with previous technologies such as efédlet based methodology were discussed.
The investigations and simulations held in the enirthesis were done using the Finite Element
Method, which was also briefly discussed previously the following chapters, the
investigations and the model to simulate the GMRssemagnetic circuits are presented. Below,
a short overview and description of the followirwapters is provided in order to help the reader
to locate information of interest contained in tthissis.

In Chapter 2, an automated simulation tool isoditrced. This tool is based on the
software EleFanT 2D which has been developed aEIGTTU Graz. The model is described
and explained. The files which create the modelyal$ as the GUI of the model are presented.
Finally, a magnetic circuit application is demoattéd as well as the analysis and the
visualization of the results, in this case magniic intensity.

In Chapter 3, a field control layer for angular &\Mensors is introduced. Such a layer
splits the external magnetic field intensity whiech measured by the GMR elements.
Investigations were performed with 2D simulatiobg,changing the dimensions of the splitting
layer to get the optimum solution.

Chapter 4 deals with the back-bias magnet sinarativestigations. Simulations were
done in 3D since the area of interest is in thagl@geld distribution along the surface of GMR
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elements. Differently shaped geometries and matpr@erties were examined. Optimization
techniques were used as well to find the magnatictsire with the best performance.

In Chapter 5 the influence of the gear wheel iggtigated. Different geometries and
settings are under investigation. Various chargttes of the gear wheel were investigated such
as the tooth height or the pitch distance. Usisgrgple magnetic structure, a rectangular magnet,
each gear wheel's case was investigated and thdtsesere compared to reveal the best
magnetic circuit performance suitable for the coroperation of the GMR sensors.

The 3D model of the magnetic circuit is demonsttah Chapter 6. The field distribution
on the surface of the GMR elements was calculayesirhulations. The results were compared
with experimental results. Comparison shows a gagteement between experimental and
simulated results.

Finally in Chapter 7 a summary of the work andabeclusions are presented.

Chapters 2 solver was based on the Finite Eleieniel Simulator EleFanT and it was
developed using Matlab [54] and [55]. The otherdations were done using the commercial
Finite Element tool, ANSYS [56].
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2 Magnetic Circuit Field Solver

This chapter deals with the creation of an autesh&w-frequency electromagnetic field
solver based on the simulation tool EleFANT, whicks developed at IGTE, TU Graz. With the
help of this solver the modelling and solution afautomotive magnetic circuit application will
be demonstrated. This model can be a routine storutaol providing engineers with reliable
and accurate results and demonstrates the worfficgercy of the magnetic circuit. In section
2.1 an introduction of the Finite Element programa as structure is given. In section, 2.2 the
pre-processing part of the model will be introduckdthis section it will be shown how to
implement the material properties of the model adl \s the magnets under investigation.
Moreover, the structure of the magnetic circuitl b formed and discretized resulting in the
finite element model. The solution and visualizataj the results of the model will be shown in
section 2.3. Results for both static and rotatedlems will be shown. Finally, a demonstration
of the created GUI of the solver will be preserded discussed.

2.1 Classification of atypical Finite Element Program

A typical finite element program comprises of fbkowing parts [57]:

1. Pre-processing section
2. Solution procedure
3. Post-processing or visualization of the results

In general, each of the above parts is responddyeperforming and executing a specific
simulation job. The pre-processing section is tte where the geometrical problem is described
and visualized. The material properties are stailed the geometry is divided into a finite
number of smaller regions, called finite elemehtghe solution section the problem is executed
taking into account the boundary conditions of pn@blem and the Degrees of Freedom (DoF).
Finally, at the post-processing, the results of thedel are visualized, showing either the
magnetic field distribution, or the temperatureswess distribution.
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One of the serious concerns in modeling and deuwsdoof such programs is cost-
effectiveness in terms of computational effort éinte. Since the simulator executes a sequence
of repeatable linear algebra operations with mesti@ occupies a series of memory arrays and a
large CPU capacity is required to perform theseapmms. To overcome such problems and to
speed up all procedures, it is suggested to prograinear sequence, avoiding repeatable loop
functions as much as possible. Many more techniguelsalgorithms are used to reduce the
computational effort and to speed up the perfornsingulations.

The automated magnetic circuit simulator has lseareloped in MATLAB environment
[58] and [59]. All the input files have been crehtwith the help of MATLAB. The files
developed create the automated model. By mearsedutomated model, the files execute, and
converge to provide results. The automated modé&tad the field simulator, EleFANT.

2.2 Implementation of the model

The geometrical model of the simulated problem a#i s the material properties, the
boundary conditions of the problem and the degoéé®edom are defined in the pre-processing
section. In this case, defining the density of thete element mesh and determining the
corresponding material properties leads to theegaprtation of the model under investigation.

2.2.1 Create the data structure of the problem

Firstly the file which is describing the geometticaodel of the problem under
investigation and its meshing approach is developEus pre-processing file using the
EleFANT2D environment can automatically create aresh the magnetic circuit. For this it is
important to represent the elements region in athaycan be reproduced and can describe the
simulated model. To fulfill these requirements, atmx containing the coordinates of the nodes
of the elements has been created.

The simulated model is discretized using the stedahacro-elements (ME) [60]. The
macro-element discretization is a useful technitueivide the geometry of the problem into
finite elements in a fast and easy way. Each MEaina the essential number of finite elements.
So the ME not only divides the geometry of the peob but also set the number of finite
elements automatically so that the model will becditized and solved. The MEs have a
guadrilateral shape. By default, each ME contak&ftite elements.

In Figure 2.1 the magnetic circuit application unsiestigation is demonstrated. Yellow
denotes the gear wheel. Blue shows the magnetictste, and white, the surrounding air. The
bold lines depict the MEs, while the faint linesvaeen the bold denote the finite elements.
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Figure 2.1: The finite element rabaf the application

For the creation of the automated model of the raagreircuit application shown in
Figure 2.1, the created input file refers bothMites and the finite elements to the problem. The
MEs are indicated by the coordinates of their naitgted on the corners and in the middle of
the edges of the quadrilateral elements. So eaclisM&presented in the finite element program
by 8 nodes. By defining the coordinate system#fie$¢ nodes, it is possible to arrange the shape
and the area of the MEs. For the arrangement ofvitBe nodes, a matrix is set up, which
corresponds to the positions of the nodes accordinyoblem’s coordinate system making an
8x2 matrix such as:

M, nly,
n2,, N2y,

(ME)=| : | (2.1)
N7, n7,
n8,s MNByg

The above matrix assigns the x and y coordinategdoh of the 8 nodes. To automate
the forming of all the MEs of the problem, an imoental iterative method is chosen. This
method uses the matrix (2.1) and the decisionththatto be made, is whether an increase on the
X or y coordinates of the matrixes will lead to ttreation of the rest of MEs in order to create
the problem under investigation. Care has to berntgkat the created MEs form a continuous
grid throughout the simulated model. Another imaottissue is that the nodes are denoted in a
counter-clockwise order, in order to avoid negafiaeobian matrixes.

After the identification of the MEs, the next stispthe assessment of the elements that
each ME created should have. According to the posihe ME has on the model, the density of
the elements is set, depending on how importantcéieulation of the solution steps is. For
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instance, along the MEs situated at the distantedss the end of the magnet and the beginning
of the gear tooth, the density of the elementstesea 6x4 matrix. This distance is the air gap
distance of the magnetic circuit.

By default, the mesh which is chosen to solve phsblem (Figure 2.1) is a mapped
mesh. Map mesh is termed as the sequence of sape, dinite elements, creating the grid of
the problem which can result in more accurate samhs, meaning that the simulated results
are comparable with the experimental data. Moreavgh mapped meshing, since fewer
elements are required to model the problem, it tdkes less time to be solved, in comparison
with the free meshing.

2.2.2 Setting the boundaries of the problem

For the creation of the automated model showniguré 2.1, it is also necessary to
define the boundary conditions of the model. Anuinfile is created that sets the constant
boundary conditions on the lower edge of the megfniedof Figure 2.1. Here the MEs that have
their own edges tangential and in touch with theeioedge of the grid, are set to have the
boundary’s values. For this selection, the edgesdafined as Dirichlet boundary’s conditions
and it is denoted that the magnetic field densakes place here, equal t@.R.a=0. Dirichlet
simulations set a plane of symmetry in the probl€herefore, by selecting the line on the lower
edge of the problem to be under Dirichlet boundaribe correct solution of the model is not
affected.

In the simplest case of simulating magnetic stmes surrounded by air, where the field
is to be calculated, the essential boundaries indbe simulated model - as well as infinity
boundaries are set. The infinity boundaries coodgiare set on the four edges of the model.
Those boundaries are far-field elements which apprate the decay of the magnetic field in the
far-field region, since it is assumed that the neignfield expands to infinity [61]. In this case,
(magnetic circuit of Figure 2.1) in the presenceawfron gear wheel, where the magnet is placed
nearby, since the relative permeability of the gedweel is much higher than the relative
permeability of the air, all the magnetic fluxeg accumulated in the iron wheel. This happens
because the flux lines always follow the highestqmance route. Therefore, it is not necessary
to use infinite elements.

2.2.3 Defining the material properties of the model

The material properties are given in a separatetifie. This input file assigns material
properties to the MEs. After that the pre-procagghase is completed and the model is ready
for the solution. The file’s structure consists @fstly, the declaration of the material’s
properties; e.g. whether the material is isotrapithe magnet has a non linear second quadrant
magnetization curve BH and so on. The next stefpiset the relative permeability of the
medium and finally to define the MEs which will bssigned to it. For instance, in the case of
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air, the material property is isotropic materiahelrelative permeability of air is 1, followed by
the number of MEs comprises the aerial space. #case of a permanent magnet, the relative
permeability, the magnetization directions as \aslthe BH curve of the magnet are asserted. By
importing the magnetic material data, which includdne magnetic induction B and the
corresponding magnetic field H it is possible teate the BH curve and attach it to the magnetic
materials. It will be shown how the BH data canirbported to the automated model in section
2.4,

An important issue is to simulate the movementhef magnetic circuit application of
Figure 2.1. To investigate this movement and cateuthe field distribution, another approach
had been followed. It is known that the finite etarh grid discretizes the geometry of the
problem in well specified and dimensioned smalliorg, the elements. Once defined, the
elements cannot be moved nor changed inside tite firodel. Therefore, the movement of the
gear in front of the magnet or the movement ofrtiagnet in front of the gear wheel is simulated
using an indirect method. Several such differechiéques to imitate the movement in the finite
element modeling have been examined and presetit¢d [64].

As discussed before, the position of the magnéheénmaterial input file is denoted by
assigning the corresponding MEs to the magnetienahiproperties. By simultaneously creating
material properties input files where the magnepprties are attached to the adjacent MEs, it is
possible to imitate the movement of the magnets Tlain happen within a loop where for each
ME with appointed magnetic properties, the inputamal file is created. This input file along
with the other input files; which are created i bre-processing sector, are executed and the
results are saved. Thereafter, a new material ifijeus created which assigns in a new ME, the
magnetic material properties and then the operaticontinued.

2.3 Post-processing section - Visualization of the results

When the above input files are executed, the moludf the simulated model as it is
shown in Figure 2.1 emerges. Following the solutidnthe automated program, comes the
visualization of the calculated results. In theecakthe circuit application of Figure 2.1, of most
importance is the field distribution on the surfawfethe sensing element, in this case GMR
elements. The magnetic sensor is situated belom#gnet, and in front of the gear wheel. Since
it does not affect the field it is omitted from tlsgmulation model. To calculate the field
distribution on the surface of the GMR elementgpst-processing file is created to visualize the
field.

For the case of the static simulations, the modesists of the magnet surrounded by air.
These simulations can give an indication on whethermagnetic field intensity can drive the
GMR elements in saturation or not. The post-prangd#le which was created indicates the type
of the process of the simulated results, whiclo isitow the field distribution. Since the magnetic
sensor is placed below the magnet and the distaintee GMR elements is known, depending
on which MEs were set with their corresponding nedign material properties, the post-
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processing file provides the x and y coordinatethefpath where the GMR elements are set. In
this path and in a number of intermediate pointg,dhe magnetic field is to be calculated and

stored for the visualization of the results. Theordinates are measured from the central
coordinate system of the problem. Figure 2.2 demnates the in-plane (field distribution of

a rectangular magnet. The field is calculated frome side of the magnet to the other in a
distance 0.3 mm below the magnet. It is assumetdtiieasensor is attached to the magnet and
therefore the normal distance of the GMR elementhe end face of the magnet is 0.3 mm.

0.8
0.6
0.4
0.2

Bx(mT)
o

-0.2335 34 345 35 36 36.5
-04

-0.6
-0.8

distance(mm)

Figure 2.2: In-plane field distribution for a stasimulation of a rectangular magnet

In the case of movement, each step of the magnéensted with the help of a loop
action. Therefore, for every step of the magngiost-processing file is created and attached to
the corresponding magnetic material MEs. Once oh&isn has been found, the results created
from the post-processing file are stored. Thereafteew post-processing file is created, setting
the new coordinates of the calculation path, adogrtb the next position of the magnet, as it is
described in the new material properties input g the end of the sequence, for each of the
positions of the MEs enhanced with the magnetip@ries, the calculated results are stored
and compiled to give the field distribution alomg tmovement of the magnet.

2.4 Automation of the model, introducing the GUI of the model

The automated model is based on the above fag diéscribed. The input files create the
finite model under investigation and set the bouiedaconditions of the model. Likewise, at the
material input file, the material properties of timedel are appointed to the corresponding MEs
of the model. The post-processing file has beeatedeto visualize the field distribution on a
selected path direction. For the automation ofdineulation of the model based on the above
created files, a method has to be introduced tekashthe user to execute the problem with the
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only interferences being, introducing to the modeyrameters under investigation, suck
material properties or ther gay distance.

A GUI as it is shownn Figure 2.3 has been created to autontta¢emodel. The GUI i
also developed in BIATLAB environment. For a magnetic circuit probleam inFigure 2.1, it is
not only possible to simulate and get the magnéitd distribution on a path und
investigation, but also to change crucial paranseéed get new results. The magnetic mat:
properties can be loaded from the GUI, in anydilddatabase format. With the material file ¢
the number of points of the second quadrant BHeutvis possible to get the BH curve of -
magnetic structure under investigation. The nesp $$ to indicate thair gaj distance; in this
case it is measad from the ending side of the magnet until thetisig point of the gear whe
tooth. The movement steps can be set to imitateehlemovement of the gear wheel along
stationary part, backias magnet and magnetic sensor. The next steeahe election of
whether simulations can be static and show only rttagnetic field distribution. Or if th
selection is in rotation, to perform the movementutations and get the change of the magr
field while the magnet changes positions alongahee.

Figure 23: The GUI of the automated model

By pressing the execution button (Start the Sinmdt the three input files are creat
as well as taking into account the user’s inpuapeaters. The Rotation Simulatiorill perform
a simulation of the magnetic circuit applicatior Figure 2.1 Pressing the ‘get the results’ but
will get the field distribution along a path withe help of the po-processing visualization fil
and field distributions such &s$gure 22 are plotted.
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2.5 Conclusion

An automated field simulator is presented and thg iivhas been created is explained. The
automated model is based on the Finite Element Msidaulator EleFANT2D, to be executed.
For this reason input files are created, whichrasponsible for introducing the geometry of the
problem and its discretization. Another input file responsible for attaching the material
properties with the corresponding MEs of the probleThe boundary’'s conditions of the
problem are created in the last input file. Forvfseialization of the results a post-processing fil
has been created, which detects the position ofmtgnetic sensing elements and calculates the
field distribution along that path. Finally a GUiterface is introduced, which combines the
above files with the solve section of the EleFAn®dal and which automates the finite element
simulations.

The benefit of such a model is that the end-uses dwt need to take into consideration
how to perform the simulations. Only by changingatal parameters under investigation, is it
possible to calculate the field results and to tiestmagnetic sensor functionality in the specified
magnetic circuit described by the model. Moreotee, program has the benefit of being very
fast in terms of computational time and does nedrteuge hardware resources.
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3 Investigations of Angular Magnetic Sensors withdisplitter layer

Investigations of the proposed GMR angular sergwmrfiguration are presented. A
magnetic field controlling layer is introduced tweocome the problems of angular sensor
working conditions. Section 3.1 provides a briesa@tion and the origin of the problem. The
proposed model under investigation is presenteskation 3.2. The investigations were carried
out in two dimensions. The following section 3.3ails the simulated model and the respective
analysis. Finally, in section 3.4 the parametricdelaesults are discussed and the optimum field
splitter layer solution is identified.

3.1 Description of the problem

The angle magnetic sensor is used to determineotaéon angle over a range of 360°
degrees. In the case of GMR angular sensors, #maeglts are arranged in two Wheatstone
bridges. Under a rotated external field, the twiddes generate a cosine and a sine signal output
whose arc-tangent derives the output sensor signal.

GMR elements have a high sensitivity and they aed low magnetic fields. Although
they are used for contactless measurements, they aarawback. They have a rather small
operating magnetic window in comparison with otkensor techniques such as Hall-effect.
According to the distance of the sensor to the ragisource, the operating range is determined
by:

H min< H operate< H max- (3-1)

If the external magnetic field is too large, GMPoperties are changed, causing an error output
magnetic sensor signal. If the external field is small, the soft magnetic sensing layer or free
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ferromagnetic layer does not reach saturation &edrésulting signal will reveal hysteresis

effects along the 360°degrees rotation, causingifgignt angle errors. Furthermore, sensors
might be exposed to other external magnetic fiedsch can overlap and thus lead to an error
angular output. Additionally it has to be mentiortadt for the angular sensor applications, the
GMR elements must work in their saturation modeemghthe magnetization directions of target
and free layer are antiparallel, revealing maxinrasistance.

In order to determine the optimum working conditoof the sensor, the external
magnetic field should be monitored permanently.oVercome sensor mis-functions, an added
split field arrangement placed on the top or atitbtom of the GMR element is proposed which
can solve the problems mentioned above. Additidiealomagnetic layers could split the
magnetic flux and thus keep magnetic sensors andperating range.

3.2 Investigation of the 2D problem

The general idea of the concept is depicted inréi@ul: Scheme of the proposed concept.
As it can be seen the proposed field control |sgits the field distribution reducing the field
strength which is measured by the GMR element.

__—~_ Field Control Layer ——
— —

—— A —
=
/___,_...————_ _' L I _————_.___\

Figure 3.1: Scheme of the proposed concept

The stack consists of two SiQayers with a height of 500 nm. In between is the
ferromagnetic material Gg-eo. A second ferromagnetic layer, &beo, with a height of 10 nm
serves as a protection layer between the stackhenslbstrate beneath the three layergoRen
is a ferromagnetic material. By Bozorth's the maxaimpermeability of CgFeyois 4,000 [65]. A
bar magnet with a length of 5 mm and a height ofMl was chosen as a magnetic source. The
air gap between the magnet and the stack isuy80Q0A scheme of the model can be seen in
Figure 3.2.
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Figure 3.2: Split-field geometry under investigatio

The permanent magnet, which is perpendicular, hesgth of 5 mm and a height of
1 mm. An Alnico 700T magnet was used for this aggtion. The demagnetization curve of the
Alnico 700T magnet is shown in the following Figl:&:

‘ demagnetization curve of Alnico 700T ‘
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Figure 3.3: Demagnetization curve of the Alnico T@Bagnet

A swift estimation of the magnetic field intensiiy the surface of the layer, which will
be created by an Alnico 700T magnet with the dinms5 x 1 x 5 mm can be found with the
aid of a magnetic charge model. A bar magnet, asbeaseen in Figure 3.4, is being assumed.
The magnet has the following dimensiongagwidth, ymag depth, and z.g height. Likewise it
was assumed that the magnetization direction isiabr
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M=M3. (3.1)

The magnetic charge model is an analytical methseduto calculate the ,Bfield
distribution [66]. The charge model method replattesmagnet structure with a distribution of
“magnetic charges,” proportional to the electriaiges. Using the charge model, the “magnetic
charges” are placed on the area along the z-axisammbe seen in Figure 3.4:

- - ymag X
y

Xmag
Figure 3.4: Equivalent charge model

Magnetic charges are defined by means of the emsa.2 and equation 3.3, which
describe the distributions of the charge densities:

Pm="UM \Volume charge density (3.2)

O,=Men Surface charge density (3.3)

Assuming that all the “magnetic charges” settletloen +z and —z surface of the magnet
(see Figure 3.4), the volume charge density is.Zie surface charge density is:

g, =*Mq. (3.4)

The magnetic fieldB of a magnet with the magnetization directnin free space is
given by the following equation:

B(X):&de\/ +&J’Md§_ (3.5)
AT - x’|3 4 x = x’|3

In the point x the field is calculated;, is the source point. In the configuration shown in
Figure 3.4, the investigated point is on the z-axis zz, and X' is located at the XY plane (
X' = Xag X+ Yimag ¥)- BY substituting the assumptions in equation &8 taking into account

equation 3.4, the following equation is obtained:
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Xirag Yimag
— /JO MSZ ! !
Bz(z)—ZTJ‘ J‘(X'z VD G dxdy’. (3.6)
0 0

Finally, the B field distribution in a point z on the z-axis che calculated with the
equation:

WhereX g, Ymag @nd z,,, denote the dimensions of the magnet. It can beleded that Bis
approximately 60 (mT) at z = 0.8 mm.

3.3 Simulated model and parametric analysis

The simulated model is illustrated in Figure 3.BeTmodel consists of the bar magnet and
the surrounding air. The far boundary (surroundinyis at a distance of 5 times the dimensions
of the magnet. If the air region is too small, tieéd distribution will be distorted, which leads t

significant errors. If it is too large, the calciiden time is increased.
AN

g s —

tructure — Alnico magnet+ Angular GMR stack

Figure 3.5: Model under investigation
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The model has approximately 4.000 elements using2idde isoparametric elements
based on magnetic vector potential formulation. &tiects of the far-field decay of the magnetic
field for this open boundary problem were modelsthg infinite elements. Infinite elements
assume that the degree of freedom (DoF), in thé® caagnetic vector potential, at infinity is
zero. The overall estimated calculated time is tbs® a minute. The resulting magnetic field
lines can be seen in Figure 3.6. The red circléhenouter surface is symbolizing the far-field
approximation.

ANSYS 11.0BETA
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SMY =—, 199814
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~. 088796
—.073993

full structure - Alnico magnet+ Angular GMR stack 192449
Figure 3.6: Magnetic flux density distribution

For the investigations, the first ferromagneticeayFeCo, (as it can be seen in the field
split layer of Figure 3.2) had a constant height@ihm. The second layer, the one in the vicinity
of the magnetic structure, is altered in heighte Fkights are 6, 11, 24 and 48 nm.

3.4 Resultsand conclusions

The magnetic flux was calculated for both ferronetgnlayers. While the height of the
first layer did not change, the height of the otlarer varied. The flux is calculated by the
equation:

= j BdS, (3.7)
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where S is the height of the layers per unit deyttheir surface. The results are listed in the
following Table 3.1:

lavers magnetic flux @
y (Weber/mm)
1% FeCo (10 nm) 4.79E-4
2" FeCo (6 nm) 2.98E-4
1% FeCo (10 nm) 4.97E-4
2" FeCo (11 nm) 5.44E-4
1% FeCo (10 nm) 5.34E-4
2" FeCo 24 nm) 1.2E-3
1% FeCo (10 nm) 4.32E-4
2" FeCo (48 nm) 2.4E-3

Table 3.1: Results for the magnetic fluxes

The results show that it does not make a realréiffee whether a 6 or an 11 nmogF®,o
layer is used. Yet, there is a difference betweetd am and a 48 nm layer. Using a second
ferromagnetic layer with a height of 48 nm defihjtis the best solution.

3.5 Conclusion

A proposed field control layer was introduced andestigated [67]. This layer consists
of a series of ferromagnetic and antiferromagnafers which can be situated on the top of the
GMR elements. The same results can be found isgtielayer is placed at the bottom of the
GMR stack. Four different cases of ferromagnetigetaheights were simulated. It could be
determined that a ferromagnetic layer with a maxmheight of 48 nm is the best solution. Such
a layer offers the possibility to split the flux pacting the sensor and to keep the field passing
through the GMR elements inside their magnetidfietensity operating window.

For the investigations, a 2D FEM model was credteatalculate the magnetic flux
passing through each layer.
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4 Investigation of back bias magnets

Investigations of magnetic structures and mat@raperties are presented in this chapter.
The magnets were simulated to calculate the magfield intensity that the GMR elements are
sensing. The correct choice of the back bias magisetrucial for the correct function of the
GMR sensors. Section 4.1 will give an insight ie firoblem under investigation. In Section 4.2
the 3D simulated model is described as well aoptenization process which follows to get the
desired magnetic field intensity on the surfaceéhaf GMR elements. Section 4.3 describes the
U-shape magnetic structures whereas section 4 wsskiwe field distribution of bar magnets.
Section 4.5 refers to an inverse problem, whererthgnetic structure geometries are known and
they are optimized to get the desired magnetic uttirapplication. In section 4.6 the
investigations regarding the iBB magnet are exglomghich presents numerous benefits in
applications. Finally section 4.7 shows the caliofes of the magnetization angles of the GMR
elements along their surface when they are infladrxy an external magnetic field.

4.1 Description of the problem

Magnetic circuits play a crucial role in automotteehnology. The magnet, which serves
as the source of the circuit, is called the badsbnagnet. It is the active part of the circuit,
while the gear wheel is its passive part. Due &ohigh sensitivity of GMR elements, saturation
has to be avoided by all means. Hence, a propectsmh of the back bias magnet is essential for
the correct operation of the magnetic senddask bias magnets must guarantee linearity and a
homogeneous field distribution on the surface of RKSMtacks. Therefore, it is critical to
investigate and optimize not only the shape ofrttagnet but also the magnetization’s strength
and direction. Magnets can be realized in diffes@pes. Furthermore, magnets can be replaced
by a magnetic encoder wheel.

In order to evaluate the performance of back biagmets, finite element methods can be
used. Of particular interest is the plane fieldrthsition on the surface of the GMR elements.
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Moreover, it has to be investigated whether GMRnelets are in their working range or if they
reach saturation. In addition, it is of particulaportance to investigate the normal direction of
the magnetic field distribution in order to have emlication of the air gap performance.
Therefore, the investigations have to be carriedioBD. These simulations can provide an
overview of the suitability of magnets.

4.2 3D simulated model

For the investigation of back bias magnets, thaiktion of the field distribution and the
calculation of the field intensity in three dimemss should be a first approximation. More
precise results can be obtained by simulating tlagmats in their application environment to
determine their suitability. However, these st&xsimulations are an inexpensive way to verify
the proper selection of the structure of the magBeice the magnetization direction of the free
layer of the GMR elements follows the magnetizatinection of the field on the surface of the
element, the simplified simulated model consistthefmagnet structure and the surrounding air.
The measurement of the field distribution is thépati of the simulations on the surface of the
GMR elements.

Path calculation
along the center X
of the stripe

1.25mm s

—_— ~r — = — — —_——— = —_——— =

850,02 jum — - ——|l---- _

left left 2. 5 mm righf  right

GMR-1 GMR-2 GMR-2 GMR-1

Center
GMR

Figure 4.1: Path calculation of the field distrilbutalong the GMR stripes

Moreover, the normal field intensity is investightelhese investigations can give an
estimation of the air gap performance of the magmneutomotive applications. The calculation
of the field distribution is performed along a patlong the GMR stacks. Figure 4.1 shows the
front view of a magnetic sensor. The four GMR elataeof the Wheatstone bridge are situated
on the two edges of the chip, while the fifth eletevhich calculates the position, is placed at
the center of the chip. The path simulation offtakl is at the center of the GMR elements.
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To create the ma, a solid .D magnetic scalar potential elementused to simulate tF
magnetic structwr and the surrounding . This element consists of 2@bde. A bottom-up
approach was used atide mode was first created in[2 With this approac, the model was
well formed, material propertiewere associated with the correspondirigy geometry and th
model was meshed. ThéD2model was then extruded to 3[8Bince it is an open bounty
problem, infinity elementsvere performed at the edge of the maqdi approximatethe field
decay due to thdistance from the magnetic soul

Attention has to be paid to the proper connectigitthe 3D mod¢in ANSYS. Figure 4.2
shows the discontinuity of the model, which is pi¢gl problen

Figure 4.2aMagnetic potential on the surface of the ma Figure4.2b: Discontinuity
of the model

Figure 4.2ashows the problem of discontinuity. Magnetic fidldxes mainly have th
tendency to exit the magnet through the cornerghefstructure as indicated by the Lapl

equatiori?¢ = 0 As can beseen inFigure 4.2athe maximum and minimum field strength

not in the corner areas of the magnetic structifirdtne model is investigated more carefully
can be seen that the aerial elements, which aided green, are not correctly connected to
elements associated with the magnet (marcolored) at the surface interface between th
and the magnet geometry (sFigure 4.2b)The 3D aerial elements (greeolored) are only
partially connected with the magnetic elements (magenta@d) This is due to discontinuity ¢
Neuman boundary conditions between the elementsridegy the magnetic material and 1
elements describing the aithis uncoupled model VI lead to false field distributio
calculations.

Besidesthe investigations and simulations the magnet structureéhe optimiation of
the geometry of the magnét, get an optimui magnetization intensitgn the surface of GMI
elements is another imgant issu. A pseudo-algorithm which showthe process of th
optimization is the following:
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program optimize backBias_magnet
implicit none
I declare design variables
real::i,magx,magy,magz,Mstr,Bmax
real::magxN,magyN,magzN
read(*,*)Bmax
l'initial calculations
write(10,*)magx,magy,magz,Mstr
Iperform the FEM simulations
do (magx,magy,magz,Mstr),i,(magx,magy,magz, Ma#)
open(10,file="results from FEM simulations’Bfietilit )
read(10,*)Bfield
if(Bfield.le.Bmax) then
write(*,*)’ Optimization has been performed sucdedly’
close(10)
else
magxN=magx-+i
magyN=magy+i
magzN=magz+i
write(10,*)magxN,magyN,magzN
Icontinue FEM simulations with the nevsidg variables
end if

end do
stop

end program optimize backBias_magnet

Using the 3D simulations, the field intensity inetcenter of the GMR element is
calculated. This is the objective function whosdugamust meet the specifications. The
guantities that are varied to achieve the optimwesigh are the geometry dimensions of the
magnet and/or the magnetization of the magnet. difjective function is calculated for the
initial values of the design variables. A loop &af the value does not meet the expectations.
Figure 4.3 shows the optimization procedure iroavéhart form.
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Change
Design-Variables
according to specifications

A

Calculate Bx field @
the center of GMR element

B, <2mT

v
Calculation of field
distributionon the
surface of GMR
elements

Figure 43: Flowchart of the optimization procedure

4.3 Investigation of U-shaped magnets

U-shaped magnets are widispread in magnetic applications [68he field distributior
is influencel by the gap dimension of the-shape. A neodiummagne, with linear
demagnetization, curvand a remanence of, = 287 mT was usedrigure 44a shows the
contour plot of themagnetic field distribution on the surface of thagnet. A magnetic sens
can be placed in the center of 1U-shaped magnet so that each of the Wétieatstone bridg
GMR elements is locatdaeneath the edge of the magnet. This can be in Figure 44b.

‘|
y
}7 Magnet

e MS e

—
N L2 left GMR- right GMR-
rag half bridge half bridge
Figure 4.4a: ContouB plot of the Ushaped magnet Figure 4.4b:sbaped back bias magnet and
structure
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Magnetic field distributions in the x and y direxstiat a distance (0.5 mm below th
poles of the Ushaped magnet are showi Figure 4.5:
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Figure 4.5a: Bfield distributior Figure 4.5b: Bfield distributior

Four geometries have been invesied furtherand are of most interest. The x, y ani
dimensions of the agnetic structure were the se and the x and y dimensions of the ¢
changed every time from a larger gap dimensiondmaller one. The four different cases cal

seenin
Figure4.e.

l a=2mm y \ a=3mm
Q[bﬂ'n )‘X Q[bﬂm
1stgeometry 2nd geometry

l a=1mm \ a=1imm

o =

3rd aeometrv 4tht aeometrv

Figure 46: Different U-shaped magnet geometries

The firstgeometry has a deep and wide gap whereas™ geometry has also a deep
narrower gap. The other two geometricave a shorter gap lengtkigure 47 show the field
component®f the magnet beneath the pcalong the side of the magnet.
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Figure 4.7c: Magnetic field distribution in the rettion

When decreasing the gap dimensions, the magnetit ifitensity decreases. Especially
the x and y component of the field distribution erfuenced by the reduction of the U-structure.
This is usable for the GMR elements since theskl fikstributions influence their working
status.
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Figure 4.8a: Magnetic field distribution in the x- Figure 4. 8b: Magnetic field distribution in the y-
direction direction
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The investigation of the plane magnetic field oe #urface of the GMR elements is
another important issue. The simulation resultscete where to place the magnetic sensor so
that the GMR elements can measure a homogeneouseitiafield without reaching saturation.
Figure 4.8 demonstrate the magnetic field distrdsutalong the edge of the magnet in the
direction of the left half bridge GMR element aliatance of 0.5 mm below the magnet.

Of the four simulated geometries above, the last @i geometry) with a thinner and
shorter gap dimension appears to produce bettettsedVhen decreasing the gap of the U-
shaped magnet, the field distribution becomes &nalh the surface of the GMR element, thus
avoiding a saturation of the elements. Moreovex,dlane field distribution on the GMR surface
is homogeneously distributed. The x and y fieldirdistion along the GMR surface have a
constant value. This can be seen in Figure 4.8aFagute 4.8b. It is assumed that the GMR
elements are situated in the middle of the magrate. Thus, for the GMR magnetic sensor
applications, the best performance can be achievieeh using a U-shaped magnet with a
shallow gap as a magnetic circuit source.

4.4 |nvestigation of bar magnets

The bar magnet structure which can produce sufficiesults, is an important magnet
geometry. Various bar shaped magnets have beetasgdwand their magnetic field distributions
have been calculated for various magnetizatiorctiors. The advantage of bar magnets is their
homogeneous magnetic field distribution and the ¢mst of production. The contour plot of the
magnetic field of a bar magnet with the dimensior 8 x 8 mm and a normal magnetization
direction is illustrated in Figure 4.9.

— | —
.08323 +123908 16458¢ 205264 .24594:
03563 .144247 .184925 . 225603

- Figure 4.9: ContouB plot of a bar magnet

Figure 4.10llustrates the magnetic field distribution in thermal (y-axis) and projected
direction (x-axis) for various geometries. The dimsiens of the magnets under investigation are
10 x 4 x 10 mm (first geometry), 8 x 8 x 8 mm (set@eometry), and 7 x 7 x 7 mm (third
geometry). The magnetization direction lies intioemal direction.
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Figure 4. 10a: Magnetic field distribution in the x Figure 4. 10b: Magnetic field distribution in the y
direction direction

A magnetic structure with thinner dimensions in tleemal direction (in this case in the y
direction) produces a weaker magnetic field strieragtcan be seen in the field distribution of the
first geometry. The other two geometry distribuiamveal that the field intensity produced is
not very different. The third geometry might be thest suitable one for an application due to
cost reasons. As the GMR elements reach saturation easily, the first geometry (10 x 4 X
10 mm) is the most convenient of the three geoetri

The magnetic field distribution on the surfaceld GMR elements for the first geometry
can be seen in Figure 4.11. The figure shows thgnet& field distribution along the edge of the
magnet in the direction where the left half bridgelR elements are placed. It was assumed that
the magnetic sensor has been placed at the ceinthe anagnet and 0.5 mm beneath it. The
results show the homogeneity of the field distiidmutalong the surface of the GMR elements.

-5,0x10° | | | -2,0x107 ‘ - - ‘
i ‘ —m—Bx distribution T —m—By distribution ‘ r
-5,5x10
\ 4 -3,0x10”
-6,0x10° !\ /F \ I
-6,5x10° \ f -4,0x10° \ I
~~ -7,0x10° o 2
= e soao \ ’
X -75x10° )
o B M 60x10° \ ri
-8,0x10
-85x10° -7,0x10°
LLLJ . mmm "
-9,0x10° ml | [
X -8,0x10° !?. T T I%
-9,5x10°

0,0 2,0x10° 4,0x10° 6,0x107° 8,0x10° 1,0x10° 0,000 0,002 0,004 0,006 0,008 0,010
distance(m) distance(m)

Figure 4. 11a: Magnetic field distribution in the x  Figure 4. 11b: Magnetic field distribution in the y
direction direction

The best position of the GMR magnetic sensor ithatcenter beneath the magnet as it
can be assured that the plane field distributionglthe surface area of the elements is stable and
homogeneous. Unfortunately, due to packaging toteraeasons, the position of the sensor may
fluctuate. For the first bar magnet geometry, thare four different scenarios for where the
sensor can be placed beneath the back bias magigetrd 4.12a). In the figure, the dots
symbolize the left and right GMR half Wheatstonéde. The first scenario shows the best
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position in the case where the sensor is locategdib the magnet and symmetrically to the
center of the magnet.
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Figure 4.12a: Four different positions of the Figure 4. 12b: Four different positions of the
investigated MS investigated MS

The in-plane (B) distribution on the surface of the left GMR h@theatstone bridge can
be seen in Figure 4.12b. When inspecting the figdtkributions, it can be stated that the GMR
bridges move towards their initial symmetrical piosi and the field strength increases, driving
them to the saturation mode of the elements.

4.5 Investigation and optimization of different magnetic structures

When using GMR sensors in magnetic applicatiors,bidick bias magnet is usually not
attached to the sensor since the GMR elements szdahation easily. Keeping a distance to the
magnet can assure that the sensor is in a workindion. Thus, it is very challenging to design
applications in which the back bias magnet is cotetedirectly to the sensor. Such applications
have to guarantee not only that the GMR elemeniiswerk in their operating window but also
that the magnetic sensors will achieve a high ajr gerformance.

4.5.1 Investigated initial geometries

Various designs of magnetic structures have bemmlated. Such geometries can be seen in
Figure 4.13.
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Figure 4.13e: Bar magnet with V-iron plate

A typical air gap performance of magnetic sensoased on the Hall Effect phenomenon,
is approximately 4 mm. For comparison reasons thERGensors should have similar working
conditions. The target of the air gap functionalgyat least 4 mm in this case. Consequently, a
strong SmCo magnet with a remanence gEBL.12 T and coercive force ofcl: 780 (KA/m)
was used to ensure that the application is worgitogerly within the air gap specifications.

Since the sensor is attached to the magnet an@NMf elements reach saturation easily,
optimization investigations of the geometries shawirigure 4.13 assured the desired working
capabilities. In Figure 4.13a, the joint pole magsteucture consists of two bar magnets with a
normal magnetization and separated by an iron pielee. Figure 4.13b shows a bar magnet with
a magnetization direction tilted on the yz areae himagnetization is making an angle with the
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normal direction (z-axis). Figure 4.13d shows tvam imagnets connected to each other with their
magnetization directions is laid on the xz areakingaan angle with the normal direction (z-
axis). The other two structures have cone geongfs&y Figure 4.13c) and a V-iron plate attached
to a bar magnet (see Figure 4.13e) trying to imitaé U-shaped magnet field distribution.

4.5.2 Simulation results of magnetic structures

The simulated results of the magnetic structurestimeed above in Figure 4.13 are
presented below:

4.5.2.1 A. joint pole

The Joint Pole structure consists of two bar magseparated by an iron plate. Two
different geometries have been investigated. Tineot distributions can be seen in Figure 4.14.
The first one consists of two small magnets with dimensions 2 x 1 x 2 mm, separated by an
iron plate with the dimensions 0.2 x 1 x 2 mm. Beeond was made of two big magnets with
the dimensions 6 x 2.5 x 4 mm, separated by anglate with the dimensions 0.4 x 2.5 x 4 mm.
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Figure 4.14 a: Bfield distribution Figure 4.14b: Hield distribution

The B and B distribution were measured in a path along thermatwhere the left half
bridge GMR element is placed. Smaller geometriesveld good results around the critical
working field strength of the GMR elements. Therefothe proposed structure is a suitable
candidate to cover the specifications.

Another suitable approach could be the use of dlemeon plate. Figure 4.15 depicts the
field distribution on a path along the magnetiausture for geometries of magnets with the
dimensions 2.2 x 5.8 x 7.5 mm and an iron platé wie dimensions 0.5 x 5.8 x 6.7 mm. As the
GMR elements are placed at the center of the magsteticture face, the plane field distribution
on the surface of the elements is small. On théshmsan optimization process, these elements
can be a practicable solution.
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Figure 4.15a: Bfield distribution Figure 4.15b: Hield distribution

4.5.2.2 B. Angled magnet

The magnetic structure has a magnetization dineatio the yz-area with a 20° angle in the z
direction. The influence of the field distributia® an interesting aspect. The dimensions of the
cubic shape are 6 x 6 x 5mm. In the scenarios rumlestigation, the angle of the
magnetization increases. If the angle decreases,rdhult is a bar magnet with a normal
magnetization, which has already been discussetti(8et.4).

Different magnetization direction angles have beénulated and investigated. The
results of the field distributions for 20°, 40° damp to 110° angles can be seen in Figure 4.16.
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Figure 4.16a: Bfield distribution Figure 4.16b: Hield distribution

Figure 4.16 shows the,BBnd B field distribution along the magnet where the tiGiMR
half bridge is placed (0.7 mm below the magnet).tie angle of magnetization increases, the
field strength on the surface of the GMR elememisrdases as well. Even if the magnet
dimensions decrease, the results do not changefisagmly. Figure 4.17 shows the field
distribution on the right GMR half bridge for a nmeg with the dimensions 4 x 3 x 2 mm and a
magnetization angle of 60°. The plane field disttibn on the surface of the GMR elements is
too high, which causes the sensors to fail.
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The angled magnetization magnet is a suitable isolwinly if the magnetic sensor is placed
further away from the back bias magnet.

4.5.2.3 C. Cone magnet

A possible structure investigated is the cone gégmmagnet (see Figure 4.13c).
Initially, the large base has a radius of 3 mm, #eradius of the small base is 1.5 mm. The
height of the cone is 5 mm and magnetization tesglifection on the normal axis (scenario 1).
Two extra scenarios, one with smaller dimensioasyely scenario 2, with a radius of the large
base of 2 mm and a radius of the small base of 1 amah another cone with a height of 7 mm
(scenario 3) have been simulated. TheaBd B field distribution along the face of the magnet
and at a distance of 0.7 mm below the magnet ferttinee simulated scenarios are shown in
Figure 4.18.
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Figure 4.18a: Bfield distribution Figure 4.18b: Hield distribution

Field distributions have been simulated on a patlera the left half bridge GMR elements are
being placed. More precisely, the GMR elementssatgated at the center of the face of the
magnet. The results reveal a hugesBength on the surface of the GMR elements, whaelth
saturation. These results show that the cone gegiisatot suitable for the current application.
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4.5.2.4 D. Two-tilted magnetic structure

Two bar magnets with a tilted magnetization dirttin the xz area are placed next to
each other (see Figure 4.13d). Such structureatenihe U-shaped magnet distribution. At first,
the magnetization of magnets forms a 20° anglaéémbrmal direction (z-axis). The dimensions
of both magnets are 3 x 6 x 5 mm on x-, y-, an&ig-df the angle of the magnetization is
reduced, the structure approximates the bar magsetschapter 4.4). If the magnetization angle
is increased, the field intensity should be momitbrThe results of the field distribution for the
magnetization angles of 20°, 40°, and 60° are degim Figure 4.19.
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Figure 4.19a: Bfield distribution Figure 4. 19b: Hield distribution

Figure 4.19 shows the Band B field distribution on a path along the magnet at a
distance of 0.7 mm below the face of the magnee fléld GMR elements sense a high plane
field on the surface of the elements which readhradion. Such a structure is not a suitable
solution either.

4.5.2.5 E. Magnet with V-iron plate

An extra iron plate with a V-shaped geometry ixpthbeneath a bar magnet (see Figure
4.13e). Such a structure can assure that the fisldlibution decreases. Moreover, the field
distribution on the GMR elements is more homogesewben using this structure. A magnet
with the dimensions 6 x 6 x 5 mm is attached towshaped iron with a distance of 2 mm in the
z-direction between the magnet and the wedge oirtimeplate (see Figure 4.208he in-plane
field distribution Bx can be seen in Figure 4.20b.

59



Chapter 4: Investigation of back-bias magnets

z %7
X 7
‘ - - | | L | \;FSC3 [
N I\
/ A
1 3 i /
ET 0 " |
£ . / \ .
X \ o - |
2mm I 12 \\ // \\ /
- \/f N/
-14
g <~
0 1 2 3 4 5 6
05mm 05mm distance(mm)
Figure 4.20a: Investigated structure Figure 4. B)Hield distribution

The field distribution on the surface of the GMRraknts leads to saturation. Nevertheless, the
magnetic field created can be optimized to meespeeifications of the applications.

4.5.3 Optimization process and analysis

The last structure, the bar magnet with a V-iroat@l was optimized to fulfill the
magnetic field intensity specifications. Keeping timensions of the magnet as well as the
magnetization and direction stable, the iron plemetry and dimensions were changed in a
way to meet the required flux density of B 2 mT. The optimization procedure followed the
loop shown in Figure 4.3. The calculated flux dgn#, was on a node at the center of the
surface of the GMR stripes. Whenever the simuléited density was over 2 mT, the geometry
of the iron plate has been increased in a specifiegp and the flux density was again
recalculated. The optimized structure with the disiens of the V-plate can be seen in Figure
4.21a. The magnet dimensions were 6 x 6 x 5 mm.Bihmagnetic field distribution along the
edge of the magnet in the direction of the righf badge GMR elements can also be seen in
Figure 4.21b. The GMR elements are placed at theecef the face of the magnet in a distance
of 0.7 mm below the face of the magnet.
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Figure 4.21a: Optimized structure Figure 4. Afield distribution
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The field distribution on the surface of the GMRmaknts, as can be observed in Figure 4.21b, is
less than 2 mT. The flux density at the centehefdtripes is 1 mT.

4 5.4 Simulated rotational results

The performance of the magnetic structure can bmated when performing static 3D
simulations of a magnetic structure under operudinditions. In this case, the magnetic field
on the surface of the GMR elements was calculdted.a proper estimation of the magnetic
field distribution, it would be necessary to comsidhe magnetic circuit configuration in the
simulation setup. For the optimized structure, argeheel with a pitch of 6 degrees and a tooth
height of 3 mm was chosen. Figure 4.22a, showsithalated 3D results of the magnetic circuit.
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Figure 4.22a: Simulated circuit model Figure 4.2Rpfield distribution

Figure 4.22b shows theEeld distribution on the surface of the left GMIRment while
the gear wheel is rotating. The curve has a sidiasdorm and the field density for 0° is the
same as the strength of 6° when the wheel is ngtafihe air gap for these simulations was
4 mm, which was also the specification for the wirperformance. The GMR element does not
reach saturation. Experimental results show thet pnoposed magnetic structure is able to
operate properly up to an air gap of 4.5 mm.

4.6 Investigation of an iBB (integrated Back-Bias) magnetic structure

Another magnetic structural design, suitable fotomotive magnetic circuits, is illustrated in
Figure 4.23. The magnetic sensor is inside theigordtion. Figure 4.23 shows where the GMR
elements are being placed. The position of theasaadixed. Additionally, this structure leads to
a perfect positioning of the sensor in relatioriite back bias magnet. As there is no possibility
of slight variations in the position of the sensegarding the magnet, offset problems are
avoided.
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Figure 4.23: New magnetic structure design

If the position of the magnet or of the sensingnents is asymmetric, offset problems
occur. The results can clearly be seen in Figuzé.4he sinusoidal magnetic field has an offset
distribution from the starting point of the graph iadicated by the red arrow. Offset issues can
create various problems for the calculation ofgshgmal output, since the IC of the sensor might
sense that the GMR elements are in a saturatiore rand thus display a stable line as the output
signal.

Offset by misaligning btw. sensor a |
magnet

Figure 4.24: Offset calculation for a rotation gbilch

The geometry structure in Figure 4.23 was invetgdjaand a 3D FEM simulation was
performed to calculate the field distribution oreteurface of the GMR elements. A ferrite
magnet with a linear second quadrant demagnetizatiove and a remanence ot 8 660 mT
was used. The plane field distributiong &1d B along a path, where the left GMR element is
located, can be seen in Figure 4.25. The GMR el eme at the center of the path. The field
distributions of Figure 4.25a, and Figure 4.25bvshbat the field distribution is above the
critical point and that the elements should be satration mode. This can be seen more clearly

in Figure 4.25c, in which the plane distributidsy,,,, =,/B + B> on the surface of the left

GMR is displayed. The flux density is over 15 mheTGMR elements will definitely reach
saturation.
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Figure 4.25c: Bane0n the surface of GMR

Experimental results have shown that for air gabspproximately 1 mm, the sensor
delivers an output signal showing the movementhef gear wheel. This means that the GMR
elements sense the changes of the flux densityewthié¢ gear wheel is rotating, which is in
complete contrast to the simulated results. Thisoabality can be explained on the basis of the
changes of the GMR’s sensitivity due to the infleemf the y-direction of the field distribution
on the surface of the GMR elements. This y-direci®in-plane but perpendicular to the easy
axis of the free layer.

The ability of the GMR elements to detect the maigrfeeld is called sensitivity. In the
graph of the output signal (Figure 1.4), the slopéhe transfer curve gives the sensitivity of the
GMR elements. To investigate the GMR sensitivitye tmagnetic sensor was located in a
Helmholtz coil experimental arrangement. The Helltzhooil is a device producing a uniform
magnetic field. It consists of two identical ciraulcoils. Both coils have the same radius and
electrical current. The tested device is placedveeh the two coils at the center along the
common axis of the two coils to ensure that the me#ig field passing through has a uniform
configuration. For coils with n turns and a currdloiving through them, the magnetic flux
density at the center is determined by equation®h#& sensor is placed between the two coils.
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Two different measurements of the output signahefsensor have been performed. The device
was under voltage and the output signal of theaewas measured with and without the back
bias magnet. Since there was no movement of theogethe directional output signal was
measured. In both measurements, the sensitivitgeoGMR elements was changed. As the back
bias magnet has also been mounted on the sensaetisitivity of the GMR elements was two
to three times lower than without the back bias mefgThis lower sensitivity enabled the
detection of higher magnetic fields than the fistdengths of Band B in Figure 4.25a, and
Figure 4.25b, where ,Bon the surface of the GMR stacks was around 10Itvi$.evident that
the magnetic structure is to be investigated artdniped to ensure a low field in the x and y
direction and a high field in the z-direction tesase a high air gap performance of the circuit.

4.6.1 Investigations of the magnet structure with a roofapproach

The magnetic field distribution (see Figure 4.25}ee V-structure (see Figure 4.23) is highly
influenced by the shallow area of the magnet.

Reot Roof

Figure 4.26a: Side view of the roof approach Figurgéb: Top view of the structug

By changing this area and leaving the overall disiams of the magnetic structure
unchanged, it is possible to meet the specificataescribed in the previous section. A possible
approach was to replace the V-shaped ending ofmtignet ditch by a roof approach structure.
Figure 4.26a, shows the side view of the roof agpinowhile Figure 4.26b shows a top view of
the magnetic structure. The simulation resultsamdptimization loop of the design above show
that this approach is not the ideal one. Figur& 4l2ows the field distribution of the optimum
magnetic structure with a roof ending along thdasie of the left GMR element.
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Figure 4.27a: Bfield distribution Figure 4.27b: Hield distribution

By is approximately 7 mT. Bhas a value of -10 mT. In such a case, the seigitf the
GMR elements increases, which leads to a decreag® iair gap performance of the magnetic
sensor. The benefit of the air gap performance ireomin comparison to the first structure of
Figure 4.23. More investigations of the ditch stawe are needed to fulfill the specification of
magnetic circuits with an air gap of at least 4 mm.

4.6.2 Pyramid structure approach — investigation and optmization

Replacing the roof geometry by a pyramid struciaranother approach with promising
results. A scheme of the magnetic structure is shiowFigure 4.28. A hollow pyramid structure
substitutes the roof approach (see Figure 4.26i).apex of the pyramid is inside the volume of
the structure (see Figure 4.28a). The overall dsimars of the magnetic structure are the same as
the dimensions of the magnet of Figure 4.23. Theedisions and the shape of the pyramid have
been investigated.

The height of the pyramid or the perpendiculatatise from the base to the apex of the
pyramid was the variable to be analyzed and op#@chiZ he reference object function was the
field distribution in the central point of the sack of the left GMR element. At that point, iBad
to be minimized, having been set, as a startingieyato be 20 mT. In order to apply the
optimization loop method, the direct problem appmation was used. In this case, the finite
element model is executed and solved while thebklgtobjective function is optimized. Starting
from an initial geometrical dimension the minimibat routine was carried out step by step to
meet the objective function requirements. For st fig point the next point under investigation
was:

Zk+1=ZtAS (4.2)
with A a scalar number and s the search direction imgf®n under investigation. By giving a

new z number, a new finite element model is createdneshed and solved to get the new
objective function. At the end the resulting obijeet function there should be either the
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minimum value under investigation or even a be#ielution in comparison with the initial

objective function.

S 1

Figure 4.28a: Cross section of the view of the

The resulting field distribution of the optimizsettucture is shown in Figure 4.29. The B
and B field distribution have been calculated along léfe GMR element and show a relatively
small B, of ~ 5 mT and a high Bof 17 mT. This means that GMR sensitivity will @all and a
high air gap performance can be achieved. Expetahessults have shown that for certain gear
wheel geometries the air gap performance of thiggire can reach up to 4.5 mm. Figure 4.29c

shows the plane field distribution along the sugfa€ the GMR elemeri —JBf + B§ . The

pyramid

Figure 4.28b: Top view of the pyramid structure
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In Figure 4.28a, the two extra triangular partstlom front of the magnetic structure are
marked with the red circle. These are called tres®eof the geometry. Their function is to hold
the package of the GMR sensor tide but also torobtite field distribution. In addition, it would
be interesting to investigate the overall perforoeaaf the structure with and without the “ears”
for construction reasons.
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Figure 4.30a: Bfield comparison Figure 4.30b; Beld comparison

Figure 4.30 shows the field distribution on thdt IEMR surface for the magnetic
structure with and without the “ears.” Theg Bistribution is almost the same. The f&eld
distribution shows a shift of almost 2 mTomparing the plane field distribution on the soefa
of the GMR elements, it becomes evident that boticgires reveal similar field values (see the
B plane field distribution comparison on Figure).3

The approach with no “ears” should also be a péssibagnetic structure for the
magnetic circuit application in question.
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Figure 4.31: B plane field comparison

Investigating the change in the magnetic flux dgmnsihile one of the dimensions of the
magnetic structure changes, is another interestipgriment. When decreasing the y-dimension
of the geometry to 1.12 mm, the field increasess Tshown in Figure 4.32. The comparison of
the B plane field distribution on the surface ot tEMR elements for the geometries is
demonstrated.
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Figure 4.32: B plane field comparison of the twastures

In this case, the Bfield is too large and the GMR elements reachragitn. Not only the
height of the pyramid should be considered bubtrerall dimensions of the geometry.

Finally, the influence of the flux density has beavestigated when the magnetization
direction slightly changes. Simulations were perfed for a tilted magnetization &f5°on the
yz and xz-planes. The comparative results of ther®l B field distributions on the left GMR
element and for the five cases, normal magnetizatial tilted magnetization on the two planes,
can be seen in Figure 4.33.

The results show that theg Bistribution and the normal and tilted magnetizatan the
zy-plane have similar values. The @istribution and the normal and tilted magnetaton the
zx-plane likewise show similar values. Comparing pane field -distributions on the surface of
the GMR elements for the five magnetization dil@tsi reveals that the normal magnetization
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direction has a similar distribution compared te tiited magnetization directions on the zx-
plane.
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Figure 4. 33b; Beld comparison

On the other hand, the tilted magnetizations divecbn the ZY area has very high flux
density values and should thus be avoided (seeaitmparisons of Figure 4.34).
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Figure 4.34: B plane field comparison

4.7 Investigation of the angle of magnetization on GMR stripes

The GMR elements, which are used in sensor techgotmnsist of a pinned layer with a
magnetization direction that is perpendicular te threction of the free axis of the free layer.
Furthermore, the easy magnetization axis of the fager is always placed perpendicular to the
easy axis of the magnets. By calculating the figistribution on the surface of the GMR
elements, it is possible to evaluate and measwentgnetization direction and to calculate the
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change of the resistance of the GMR elements. Tihaege of the angle of magnetization of the
free layer can be seen in Figure 4.35.

By
Bplane
Bx
Mpinned

Figure 4.35: Creation of an andlen the free layer of GMR element

The gray shading in Figure 4.35 indicates the sejp@ spacer layer. The pinned layer
has a fixed magnetization direction along the »saxihe magnetization of the free layer
fluctuates according to the plane field distribatmn its surface. The relation of the resistance of
the GMR element to the andlebetween the free and the pinned layer is caladilajemeans of
the general GMR resistivity equation which was preed in the first chapter.

For a bar magnet with the dimensions x = 3 mm, §.&mm, and z = 0.4 mm, the
magnetic sensor should have a distance of 0.35Themmagnet is ferrite with a remanence of B
=150 mT and a magnetization direction along ttexig- (see Figure 4.36).

Ia4mm

z
Z

1 mni@o.ss mm

Figure 4.36: Geometry of the application

The field distribution on the surface of the eletseon the left half of the GMR bridge
can be seen in Figure 4. 37 where the in-plapeai®l normal to that, \Bfield distribution
(according to the coordinate system of Figure 4@®6)the left half bridge GMR element are
presented. The B field distribution along the surface of the eletsens distributed
homogeneously.
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The angled between the pinned magnetization direction andrihgnetization of the free layer
of the GMR stack is given in the following equation

0= arcta{i} (4.3)
By

When substituting the,Band B values from Figure 4. 37, the change of the afglecording to
equation 4.3, along the GMR surface can be displayke results can be seen in Figure 4.38.
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Figure 4.38: Angle distribution on the surface of
GMR1

The fluctuation of the magnetization angle along furface of the GMR elements is
distributed uniformly, allowing the resistance bételements to have a cosine response over the
magnetization angle. An example of how this respdesiot achieved can be seen in Figure 4.
39. In this case, the magnetization of the bar reagnin the normal direction. The dimensions
of the magnet and its remanence are the same aseb&he B field distribution in this case is
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not distributed uniformly along the surface of B&¥R element (see Figure 4. 39), forcing the
angle of magnetization to jump from a positive toesative value. This can be seen in Figure
4.39b.
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Figure 4. 34: B, field distribution on the surface Figure 4. 39b: Angle distribution on the surfacesdfiR1
of GMR1

The angle over the distance of the GMR elementpguta the center of the surface. This
jump can also be seen in the response to the GEiRtaace, losing the cosine measuring signal
and introducing an unstable output GMR signal. #sweported that such conditions can be
found in high B external fields where moments of the GMR elementthe center and on the
edges of the stripes have an anti-parallel response

4.8 Conclusion

Back bias magnets used for automotive magnetiaitiepplications were investigated
[69] and [70]. Furthermore, the response and thhl fdistribution were calculated. The flux
density produced by a magnet is affected by nunsefaators such as the dimensions of the
magnet, its length, cross-sectional area, shamkaterial. The magnetic field distribution, on
the surface where the GMR elements are placed wafasilated for different geometries and
structures. Optimization procedures were used tillfuhe magnetic field distribution
specifications on the GMR elements. Various sinadaand optimized designs such as the
structure in Figure 4.28 lead to an adequate wgrkiondition with an air gap performance in
automotive applications over 4 mm.

The following chapter deals with the response amdctionality of these magnetic
structures in magnetic circuits applications. Therking conditions will be calculated on the
basis of simulations, and these conditions will/bgfied with the aid of experimental data.
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\J
5 Investigation of Gear Wheels

The influence of gear wheels in automotive magn@ticuit applications is presented. A
description of the problem, on how the geometrygeér wheels influences the detected field
distribution on the surface of GMR elements is pnésd in section 5.1. In section 5.2 a typical
magnetic circuit is presented and the field distiiiin is calculated at the surface of the GMR
stack. Section 5.3 shows the effect of the geareWraio, tooth distance to gap distance, and
how it influences the field intensity calculatedeovthe rotation of one pitch. Section 5.4
discusses the effect of tooth height on the magniid distribution, whereas section 5.5
examines how the magnetic field intensity fluctgsates the pitch dimensions are changed.
Material issues of the gear wheel, more preciskty cthange in the permeability of the gear
wheel, are examined in section 5.6. Finally, prepgosew gear wheel geometries are
investigated and the simulated field distributisncompared with the results of the initial gear
wheel geometry.

5.1 Description of the problem

It is well known that field distribution at a poiatvay from magnet is proportional to the
area of the pole face of the magnet. Moreoverfithé at a distance d from the pole face of the
magnet is proportional to the inverse square offieance given by equation 5.1

BDd—lz. (5.1)

Apart from the dimensions and the shape of ther@iaghe magnetic field created in
automotive applications is also affected by the medig circuit itself as flux lines follow the
paths with the lowest magnetic reluctance and awtake the shortest path through any
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medium. Consequently, a complete investigatiorhefrhagnetic circuit and design is necessary
to approximate the proper working conditions of skeasor.

Magnetic circuits consist of a rotor part, whishthe gear wheel, and the stator part, in
this case the back bias magnet with a magneticosenfisese variations of the magnetic field are
detected by the magnetic sensor. The changeddistdbution acts as the trigger signal and is
transformed int@n electrical signal, which is the output of thesse. Due to the rotation the in-
plane field distribution has a sinusoidal form. Ating to equation 5.1, the amplitude of this
waveform decreases as the air gap increases. Betimormal field distribution, which indicates
the air gap performance, and the field distribuamhe surface of the GMR elements, should be
investigated in terms of the functionality of théM& elements, and they should not reach the
saturation mode.

The influence of the gear wheel as well as theaichpf different geometries and settings
will be investigated and optimized in this chapteorder to show the functionality and to ensure
the best possible performance of the sensor. Swastigations had been performed for 2D gear
wheel structures [71].

5.2 Initial gear wheel ssimulations: Results and field distributions

In the initial magnetic circuit to be investigatdtie back bias magnet is a bar magnet
with the dimensions 10 x 10 x 4 mm as shown in fadul.

10 mm

4mm MAGNET

M.S.

2GMR
elements

[ orp]

%>
25mm 2.5mm

air-gap

Figure 5.1: Initial magnetic circuit configuration

The magnetization direction is oriented in the nalralirection. The magnetic sensor is
attached to the magnet and has two GMR elementsgé&hr wheel has a circular pitch with an
angle of 6° and its teeth have a rectangular shlpe magnetic field distribution at the surface
of each of the two GMR elements during the rotatwérl pitch was simulated and evaluated.
The air gap is the distance from the back of thsaeto the teeth of the wheel. This is shown in
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Figure 5.1. For comparison purposes, simulatiomsvi@ air gaps with a distance of 1.5 mm
(“air gap 1”) and 3 mm (“air gap 2”) will be cardeout and discussed.

The normal (B field) distribution and the in-plane field distution (B field) are shown
in Figure 5.2. The results shown are for a rotation of 6° ¢thpiand an air gap of 1.5 mm. The
field distributions were calculated at the centethe GMR elements.
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Figure 5. 2a: Normal field distribution Figure 5.2b-plane field distribution

The investigation are focused on the following atge

v

the effect of the tooth length on the field distiion while maintaining a constant pitch
distance

the effect of the tooth height on the field distiion
the effect of changing different pitch distances

the effect on the field distribution while changithe gear wheel permeability

N 2 2\ Z

the effect of replacing the rectangular tooth syaller added rectangular tooth

For simplicity reasons, the back bias magnet alwead the same dimensions and the same
magnetization to show the impact of the gear wioeethe performance of the circuit. Useful
conclusions should be drawn in order to choose rtht gear wheel. Simulations were
performed in three dimensions.

5.3 Effect of the tooth length on the field distribution

Firstly, the ratio of the thickness of the tootldahe space of the gap was investigated.
Gear wheels for automotive applications usuallyehavatio of 1:1, as can be seen in Figure 5.1,
to assure a sinus field distribution along the lemp axis.

As the position of the sensor is fixed, a maximlum passes through the GMR elements,
when the back-bias magnet is facing the tooth. Heweif the magnet faces the gap of the
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wheel, the flux spreadsround the ar¢, since the elementre not accumulated diitly by the
ferromagnetic material of the gear wheel and flux passeshrough the GMR elemen Figure
5.2, shows the change tfe magnetic strength along 1 pif

<
'

A -

C
-
»
-
A
I

Figure 5.3: Schemof a gear wheel WEh a ratio (gapttwth) of 4.375:0.62

If the tooth is shortethan the ga, the magnetic field should have a differdistribution
along a rotation of 1 pitchlherefore,it would be of interest to investigatee influence othe
field distribution whenchanging the ratio of the whedrigure 5.3demonstrates a gear wh
with a ratio (gap taooth) of 4.375:0.6z mm (pitch distance of Bim). The field distribution fo
the above mentionegitch ratio coffiguration of the wheel ahe center of the left GMR eleme
along a rotation of 1 pitch can be see Figure 5.4.
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Figure 5.4aNormal field distributiol Figure 5.4b: Ipkane field distributio

Gear wheels with differerpitch ratios are listed in Table 5.1. Thigch distanc always
remainsthe same. Only the ratio of the length of the gafhe length of the oth varies
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Symbol RATIO LENGTH
(GAP: TOOTH) (MM)
Gearl 1:4
Gear2 2.5:2.5
Gear3 3:2
Gear4 4:1
Gears 4.5.0.5

Table 5.1: Investigated ratios

Figure 5.5 shows the comparison of the amplitudeshe different wheel ratios and for
the rotation of 1 pitch. The amplitudes of thedie€listribution refer to the left GMR stripe. Due
to symmetry reasons, the results for the right Gétipe are similar.

Amplitude comparison of in/plane field distribution Amplitude comparison of normal field distribution
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Figure 5.5aComparison of the amplitudes in the in- Figure 5.5b: Comparison of the amplitudes in themzd
plane direction direction

When increasing the gap space, the in-plane fipiglitude increases as well. Yet, the
comparison reveals that the optimum air gap perdorce is achieved with the geometry of
Gear2 as in this configuration the amplitude of tieemal field distribution is the highest. This
geometry has the symmetrical configuration: théora& 1:1. Additionally, gear wheels with
longer teeth in comparison to the length of gapastie worst performance in the circuit.

As the field distribution is considerable high ateh cause saturation in the GMR elements if
using gear wheels with a ratio other than 1:1, ¢$kesors should be placed at a distance
underneath the back bias magnet to reduce theifieddsity sensed by the elements.

5.4 Effect of the tooth height

The influence of the tooth height with regard te tteld distribution, which is measured
by the GMR elements, was likewise investigated. iHital gear wheel geometry had a tooth
height of 3 mm, a typical height in automotive apgtions. Various tooth heights have been
investigated with smaller and larger heights.
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With such an investigation, the optimal tooth heigan be determined. Every change of
the gear wheel changes the load line ratio B/Hcivi$ evident of how the back-bias magnet
will perform in the circuit. The B/H ratio is a @aneter that is determined by the back bias
magnet and the magnetic circuit characteristiaghiith the magnet operates.

Amplitude of normal field distribution Bz Amplitude of in-plane field distribution
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Figure 5.6aComparison of the amplitudes in the normaFigure 5.6b: Comparison of the amplitudes in thplane
direction direction

The amplitudes of the field distribution on thet IBMR element were calculated for the
different tooth heights. The results for each & tWo air gaps and for the normal and in-plane
distribution are shown in Figure 5.6. Figure 5.€oallustrates the comparison of the amplitudes
for a rotation of 1 pitch along the left GMR elermhen

The comparison shows the increase of the fieldidigions in the normal and in-plane
direction as the tooth height increases proportipnaince magnetic fluxes have the tendency of
taking the shortest way, increasing the heighteftboth leads to an accumulation of the fluxes
on the surface of the tooth. Therefore, the fiefdribution increases in both directions.

5.5 Effect of different pitch distances

The influences on the field distribution when chagghe pitch length of the gear wheel
were investigated. Precautions were taken to kieepatio of the thickness of the tooth and the
space of the gap constantly at 1:1. Simulationspftwh lengths of 4, 5, and 6 mm have been
performed. The initial gear wheels investigatec: (S8gure 5.1) had a pitch length of 5 mm with
a gap and tooth length of 2.5 mm. When changingpibeh length, the angle of pitch also
changes according to equation 5.2:

| =RI6, (5. 1)

where | is the length of the pitch arc, R is théiwua, and is the angle of the pitch. For example,
if the gear wheel has a pitch length of 6 mm ardstiime radius as the gear wheel in Figure 5.1,
the pitch angle is 7.275°. Figure 5.7 shows thl fikstribution for the gear wheel with a pitch
length of 6 mm. The normal and in-plane field disition were simulated for the rotation of 1
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pitch, and the field distributions were measured jpoint at the center of the left GMR element.
The air gap was 1.5 mm.
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Figure 5.7aField distribution in the normal Figure 5.7b: Field distribution in the in-plane
direction direction

Comparing the field distributions for a gear whesth a pitch length of 6 mm with the
field distributions of the initial gear wheel (sdégure 5.2), the magnetic field differs
significantly. This can be observed clearly in Fg.8 in which the amplitudes of the in-plane
and normal field distributions for each of the #higear geometries and for the two air gaps are
illustrated, as they were measured at the left GhdRnent.
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Figure 5.8aComparison of the amplitudes in the normal Figure 5.8b: Comparison of the amplitudes in thplane
direction direction

When increasing the pitch distance, the field atagé also increases both in-plane and in
normal direction of the magnetic field. Taking tluath, a greater air gap performance can be
achieved without the GMR elements reaching saturatsear wheels with a large pitch distance
would be the best solution in order to achievetéebenagnetic circuit performance.
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5.6 Effect of changing the permeability of the soft magnetic gear wheel

With these simulations, the influence of the magndield, while changing the
permeability of the gear wheel, have been invest@jaSince the open magnetic circuit consists
of the magnet, air with a relative permeability aiqto 1, and the gear wheel, changing the
wheel’'s material properties can lead to a betteiop@ance of the magnetic circuit. Typical gear
wheels used in automotive technology consist 0B®% pure iron annealed in hydrogen.
Typical gear wheels have a relative permeabilit§sd0 to 4000.
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Figure 5.9aB, field distribution for two Figure 5.9b: Bfield distribution for two different
differenty, K

In the simulations, the initial magnetic circuitasvused as can be seen in Figure 5.1. The
normal and in-plane field distribution have beeltaiated below the back bias magnet for four
different relative permeability values of the gedreel. The results were calculated at the center
of the left GMR element. In each case, the air gapance was the same. For the simulations
material properties with relative permeability @f, .00, 1000, and 10000 were chosen. Usually,
the ferrite U60 has g, of 10, while iron 99.8%, annealed hag,around 100, and permalloy 45
has a relative permeability of around 1000.

The comparison of the,Band B field distributions for a rotation of 1 pitch aadelative
permeability of the gear wheel of 100 and 1000 lmauseen in Figure 5.9. Figure 5.10 shows the
comparison of the amplitudes of the normal and lame field distribution. The compared
distributions show that neither in-plane fields nwormal fields significantly change with
different relative permeabilities of the gear wheel
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Figure 5.10aComparison of the amplitudes in the ~ Figure 5.10b: Comparison of the amplitudes of mith
normal direction plane direction
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Magnetic flux lines always tend to follow the patlith the greatest permeance. As a
result, flux lines always take the shortest patbugh any permeable medium. Since the relative
permeability of air is 1, the flux lines for great®heel permeabilities are accumulated directly
towards the gear wheel. That is why the amplitulthe field distribution in the in-plane and
normal direction is quite stable. Therefore, thearial properties of gear wheels do not play a
crucial role regarding the performance of the mégrsensors.

5.7 Effect of using an added rectangular tooth

Instead of a rectangular tooth other geometries,bmaused as it can be seen in Figure
5.11. A shorter rectangular tooth (see Figure 5.bta small triangular tooth (see Figure 5.11b)
are added to the original tooth.

10 mm 10 mm

4 mm MAGNET % 4mm ‘ MAGNET X
z z
05mm l Air-gap 05 mm Air-gap
1.5mm ﬂ 15m§{\
B! g im B
25mm 2.5mm 25mm 2.5 mm
Figure 5.11a: Added rectangular tooth Figure 5.11b: Added triangular tooth

Gear wheels with an added rectangular or triangolath have the same configuration as
the wheel in Figure 5.1. They have the same pgadgth, but only half of the tooth’s height has
been replaced by the added structures, as shofigune 5.11.

Amplitude of normal field distribution Amplitude of in-plane distribution
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Figure 5.12aComparison of the amplitudes in the  Figure 5.12b: Comparison of the amplitudes in thplane
normal direction direction

81



Chapter 5: Investigation of Gear wheels

For the three different gear wheels discussed befihie field distributions below the
magnet at the center of the left GMR element hasenbsimulated. The comparison of the
amplitudes for the normal and in-plane field distition is shown in Figure 5.12.

The initial geometry shows a smaller normal disttibn. Therefore, the air gap
performance is not as great as with the other tear gvheel types. Additionally, the in-plane
field distribution of the gear wheels with an addedtangular or triangular tooth is much higher
than that of the initial gear wheel. The gear whgggmetry with an added triangular tooth does
not drastically change the magnetic field distritnt Thus, the two new gear geometries can be
used for magnetic circuits with a higher air gapfgrenance. Especially when using an added
rectangular tooth, a maximum performance of the metig circuit can be achieved. A 3D
scheme of the new gear wheel geometry with a leogh5 mm is shown in Figure 5.13.

gear wheel

Figure 5.13: A 3D schematic view of the proposear geheel with added rectangular

Various gear wheels with different lengths of thidded rectangular tooth have been
investigated and optimized. The comparison of timplaudes of the normal and in-plane field
distribution were measured at the center of the ®R element. The various lengths of the
added rectangular teeth can be seen in Figure 5.14.
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Figure 5.14acomparison of the amplitudes in the ~ Figure 5.14b: Comparison of the amplitudes of mith
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When increasing the length of the rectangular t@altied, the in-plane and normal field
distribution decrease. Therefore, the field disttibn of the initial gear wheel geometry is
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reached. This can be seen in Figure 5.14. In gdpproximation, the permeance of the air gap is
given by the general equation (eq. 5.2):

P =J‘idx, (5.2)

where Ay is the air gap area anglié the air gap length. Increasing the air gap aregeducing

the air gap length will increase the ability of tniagnetic fluxes to travel across the gap more
easily. Therefore, the fringing flux decreases. idaer, that area has to be increased with care as
the fringing flux is also related to these dimensiand increases with these dimensions.

Hence, the maximum field distribution is achievest i length of 0.625 mm when
keeping the air gap distance the same. Increakiadength leads to an increasing of the fringing
flux. Further decreasing the length of the addedareggular decreases the permeability of the
circuit as well, whence decreasing the field dittion. This is shown in equation 5.3.

As it can be seen in Figure 5.14, the field disttitins in both the normal and in-plane
direction of the gear wheel, which has an addethngular tooth of 0.5 mm, are smaller than the
field distribution for an added rectangular tootithva length of 0.625 mm.

A further interesting conclusion is that the lengfithe added rectangular tooth affects the field
only in the case of small air gaps. With an air gai.5 mm (Air gap 1), the field is influenced
by the length. For bigger air gaps such as Air Ba mm, the field strength is not affected as
much. This can be explained again from equation &ir®e air gap is inversely analog to the
permeability of the circuit.

5.8 Conclusion

Different gear wheel geometries and structures haeen investigated. Critical
characteristics of the wheels, which have been emednand evaluated, were pitch dimensions,
the tooth height, changes in the ratio of the teelifferent relative permeabilities of the
ferromagnetic materials for gear wheels, and chaingéhe geometry due to added structures to
the teeth [72]. For this reason, 3D models havenbaeated and simulated with the field
distributions at the surface of the GMR elementgh\Whis method it is possible to get fast and
efficient results in comparison with experiments&ioostless way.

The results have shown that it is possible to desigd optimize gear wheels used in
magnetic circuits for automotive applications. kasing the tooth height and/or the pitch
distance, the field amplitude is increased bothaommal and in-plane direction of the magnetic
field. In such a case, the overall characteristcthe GMR magnetic circuit can be improved
and a greater air gap performance can be achieved.

Moreover, by increasing the gap space and decigésintooth length, the in-plane field
intensity increases and the normal field decreaséitionally, when replacing the tooth by a
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smaller added rectangular tooth, it is possibléutfill the investigated specifications. However,
a drawback in the last case is that the manufaguof this geometry is quite expensive in
comparison to the other alternatives.
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6 Rotated magnetic circuit: Model development andfication

This chapter presents the 3D model of the GMR-gems@netic circuit with gear wheel.
Simulation results are compared with experimentsthe results are detailed here. This chapter
begins with the section 6.1, where the model desori and its application are presented.
Section 6.2 describes the methodology used for modation. Following this in the next
section, a specific magnetic circuit applicationthvdn angled back-bias magnet is simulated to
calculate the field distribution on the GMR elementface. In particular two approaches of a
magnetic circuit are examined. In the first applpathe model predicts the failure of this
magnetic circuit configuration whereas in the secapproach, the model validates the
functionality of the application. The second citcwionfiguration is examined also with
experiments, presented in Section 6.4. Sectiorsiédbvs the comparison between the simulated
and experimental results. Simulations show a clageement with the experiment thereby
validating the proposed model.

6.1 Description of the problem

In previous chapters, the use of modeling and stran in determining the proper
structures of back-bias magnets and or gear wloealde in the automotive applications was
discussed intensively. These simulations could gidécations of the magnetic field that GMR
elements are sensing. However, this methodology dm¢ ensure that the chosen magnetic
circuit works perfectly within the sensor specifioas. Due to high GMR sensitivity, it is
important to know the field intensity the elemeats sensing during the operation cycle of the
magnetic circuit. If the GMR elements are workimgthe linear operating window, then the
magnetic sensor is being properly operated, otlsertvie GMR elements are in saturation mode
and the sensor does not give any output signalstefdre, it is very important to ensure that
GMR sensors always stay in their linear operatarge.

85



Chapter 6: Rotated magnetic circuit: Model development and verification

The method mostly used to investigate the functignaf the sensors is by experimental
setup. Experimental data such as the output sgnthle sensor could indicate the suitability of
the magnetic circuit. The drawbacks of experimesns that they are costly and whenever
different circuits’ characteristics are going to ingestigated, changes also have to be made to
the setup. Hence, experimental procedures aretial@aconsuming. The magnetic circuit could
be simulated and investigated with the help ofmadielement method (FEM) to overcome the
previously mentioned problems. With the use of FEMis possible to calculate the field
distribution in all three directions and find theld intensity at the surface of GMR elements for
a rotation of the wheel with respect to the serngcation. Moreover, it is easy to change and
investigate different characteristics of the mamgneircuit such as changes of gear wheel
geometries, different air gaps or different backsbmagnetic structures and materials. Such
changes can be achieved easier and much fasteinttizancase of an experimental procedure.

In the following chapter, the methodology to sintaela magnetic circuit with a GMR
sensor is demonstrated and the investigation ofrrthgnetic field at the surface of the GMR
elements is presented. Finally, a comparison betweeulated and experimental data will show
a small deviation proving the adequacy of the sating method.

6.2 Setting the 3D mode

The magnetic circuit under investigation is depicie Figure 6.1. The gear wheel
consists of 44 teeth with a circular pitch of 8. t#@Yree angle. Each tooth has a height of 3 mm
and the gear wheel has a depth (y-axis dimensioh) onm.

4 mm
Y, X 0° [20° I
P4

airgap

3mm

3 mm

3mm

Figure 6.1: Magnetic circuit under investigation
The back-bias magnet consists of two separated etsgoined together each of which

has a tilted magnetization direction on the xz elah20°, measured from the z axis as shown in
Figure 6.1. The dimensions of the magnet are 1041@m. The magnet is a ferrite with a
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remanence of B287 mT. The distance from the end of the senstinédop of the tooth forms
the air gap of the circuit. The field distributiafong the surface (xy-plane) of the GMR elements
was investigated. Additionally, the field distribart in the normal direction should be also
calculated in order to determine the sensor regpahge to the changes of the air gap.
Considering this explanation, it can be seen thatrmhagnetic circuit should be investigated in
3D so that the simulated results can be compar#tetexperimental data.

For the creation of the model, the bottom-up apghaa used [73]. This method offers
the benefit of firstly, creating the primitives thfe model and secondly, of forming the geometry,
dividing it to elements to create the mesh andrggthe DoFs. The advantage is that crucial
parameters of the model under investigation arerelized and can easily be changed to
repeatable executable simulations leading easilyets results for every change. The modeling
procedure was that firstly, the geometrical modethe gear wheel and back-bias magnet was
created in 2D and meshed. Then it was extract@Dinising a bilinear 8-node element. Finally,
the simulated model was executed and results wereds and investigated. The model was
solved using the scalar potential approach.

The model simulated consists of the gear wheeltbadack-bias magnet. The magnetic
sensor was omitted since it doesn't influence télel distribution. The model was enclosed with
air. Precautions have to be made for the air sadimg the magnetic structure. Dimensions
should be 5 times the respective dimensions ofrthgnet so that results are converged without
calculation errors. Due to lack of symmetry, theolehstructure was simulated, including the
gear wheel with the 44 teeth, the magnet and thewuding air. Thereby, more precise results,
close to real life measurements can be achieved.

On the other hand, simulating a part of the moadahgiANSYS, for example, the ¥4 of
the wheel, with the magnet and the correspondingrailosure gives only reasonable results, for
small air gaps distances, since the relative pebitigaof the iron gear wheel is too high
compared with the relative permeability of the metggnd the air. Another issue on simulating a
part of the model is to ensure the symmetry ofghablem, since only a part of the design is
modeled. This can be solved by setting the latkaak faces of the model, under Dirichlet
boundary conditions (Brma=0). In this case both sides’ nodes are coupleld thié¢ same degrees
of freedom therefore, they are under the same tiondj the same field distribution. Additional
care had to be taken for the overhanging nodestaltiee rotation of the model. Overhanging
nodes are the nodes of the interface surface ofdtated part of the model that, due to the
movement procedure of that part, are no longerctyreonnected to the rest of the model. The
overhanging nodes should always be modeled in atvaljjow the edges (the nodes being there)
of the two moved entities of the model to be algjreecuring the connectivity and continuity of
the model.

To avoid this improper sequence and get reliabseilte the full model is simulated.
Figure 6.2a, depicts the simulated model. Usingriegeling, the geometry is divided into a grid
of smaller geometries. This implies that a parthe simulated model cannot be moved easily
compared to the rest of the model - in this case,gear wheel is to rotate about the sensor.
There are several techniques which can be usedlte such a problem. A way to solve and
imitate the rotation of the gear wheel is to créhtemodel as it is depicted in Figure 6.2a.
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back-bias magnet

Figure 6.2a: Simulated model Figure 6.2b: ConneEtedl model

For each position of the magnet, the model is sblred the calculated field distributions
are stored. Next, the magnet is moved to a newipnsh front of the gear wheel and the model
is solved again. This sequence will be continuedafpitch distance. Such a method denotes that
each time the magnet is moved to a new positions; rttodel has to be created from the
beginning, meshed and solved. This method is timeseming and it enhances calculation
errors, since the movement of the magnet changesiéshing surrounding the magnet. Another
technique can be by using overlapping elements. [Fd¢ model of Figure 6.2a, is divided in
two parts and each of the parts is meshed separdtet two meshed parts are overlapped to
form the simulated magnetic circuit model in anitaalpy manner.

A proper mechanism to model such a problem is mneoting the interface nodes. The
model of Figure 6.2a, is divided in two parts. Tist part, the inner part of the model consists
of the gear wheel and the half air gap distancen \lite corresponding enclosure air. The
remainder of the model, including the magnet with surrounding air forms the outer part. Both
parts have a common interface surface at the Hathe air gap distance and are meshed
separately from each other. To ensure the conyirafithe model, the two separated parts must
have their nodes connected at the interface surfagere 6.2b demonstrates the two different
meshed parts and the connection of their interfeatkes at the common shared surface. This is
indicated with the red colored interface. The ifdeed nodes from both sides are connected to
each other using constraint equations [75].

Using the constraint equations technique, for tlogl@hunder investigation (Figure 6.2b),
the potential at a node belonging to the inner parst be equal to the opposite node potential,
belonging to the outer part, as it is indicate@&quation 6.1.

Az(node,inner) = Az(node,outer)- (6 : 1)

Using the constraint equation method, it is possiblseparately mesh and then connect
the two parts. Since the nodes on the interfacaseirare always joined to each other, it is
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possible to rotate the inner part around the opdetr. Every time a part moves towards the other
part of the model, the interface nodes of the mgyart of the model are always connected with
the interface nodes of the other part of the maoskturing the connectivity and continuity of the
simulated modelin this way, always keeping the meshing of the nhodealtered, it is possible
to get the rotation movement of the wheel towarsser and magnet with a do-loop. At the
lateral outer part of the simulated model, infiretements were performed to model the far-field
decay of the field.

Finally, the GMR sensor which will be investigatednsists of a Wheatstone bridge GMR
configuration, which measures the speed signalasdparated GMR element, located at the
center of the chip responsible for the directiospked signal measurements. While the gear
wheel is rotated for a distance of one pitch, thklfdistribution along the x-axis changes creates
a sinusoidal field. This field distribution as wal the normal in-plane field distribution (y-axis)
will be investigated and compared with experimergalilts.

6.3 Simulation results

6.3.1 Setting the magnet attached to the sensor

A first important issue in investigating the magoetircuit of Figure 6.1 is to find the
magnetic circuit configuration that provides thereot functionality of the GMR sensor. The
GMR elements have a high sensitivity, and can tbesebe driven at saturation. However, this
can only occur if the external magnetic intens#yarger than a crucial value (depending on the
GMR material properties). To prevent this malfuootof the sensor due to GMR’s saturation, it
is very important to set the correct placemenhefdensor between the gear wheel and the back-
bias magnet.

Bx field on the left GMR Bx field on the center GMR
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Figure 6.3a: Bx field distribution on the left GMR Figure 6.3b: Bx field distribution on the center GM
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Initially, the sensor was attached to the | side of the magnethis cases preferable in
general, since it is easy to manufacture the packamtaining the ba-bias magnet and tt
sensor, andherefore cheaper. Simulations for this configumatwith an airgap of mm were
carried out. IrFigure 6.3 the graphs showy, at a point in the centeff the GMR elements for tt
left and center GMR stack. The field distributiomare calculated for a rotation of 1 pitch on
surface of the GMR elementBhe E field distribution on the left GMR element can be seen
in Figure 6.3, is approximately-10mT which is big enough to drive GMR elemelinto a
saturationIn this case, GMR elements are forced to work detsheir working window rang
and cause a sensor malfunction.

Similar conclusions, comparable with the above sitmis were also derived by tl
experimental procedure. Performing measurementsair gap of 2nm and having the sens
attached to the badkide of the magnet, the calculated output signasiamonsated in Figure
6.4. The blue, almost straight line indicates the dpeetput signal, as it is measured from
Wheatstone bridge GMR configuration. This signathis subtraed signal calculated from tf
left and the right halbridge configuration signal

3000
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Figure 64: Experimental sensor output results

If the sensor workén GMR working linear range then it would have bexpected the
the speed signal output hadinusoidal shape. For inste, when the left halbridge was facin
the tooth and the right halfidge was facing the gap of the gear, then thierdifice in the
measured field intensityould also have been shown in the output signéh@kensor. Howeve
in this case, the strdig line reveals that there is no change in the oreasfield by thewo
Wheatstone half-bridges. Thisplies that for everyplacement of the sensor towards gear wt
the GMR elements always sense the same field Igathn miscalculations of the fie
distribution.

Above simulations and experimental resishow that thenagnet is too strontherefore
is driving the GMR elements tim saturation. A new configuration of the magneiicuit has tc
be investigated to provideorking conditions of the senr as well as a reasonakair gap
distanceTherefore, the sensor should be kept at a distatnoe the back side of the magnet
correctly perform and measure the changes of ttexread magnetic fielr
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6.3.2 Setting a gap between magnet and magnetic sensor

In the new circuit configuration, a gap of 2 mm Heen kept between the back side of
the magnet and the sensor package. The scheme ofketh circuit setup is depicted in Figure
6.5. The magnetization direction of the free lageiGMR elements follows the external field
distribution. In the design shown in Figure 6.% tBMR stripes are situated along y-axis with a
length of approximately 1 mm. In Chapter 3 (Sect®f?2), the influence of the plane field
distribution along the GMR surface and how the dearof the plane field affects the
magnetization direction of the free layer and imayal, the resistivity of the GMR element has
been described. Hence, to investigate the influefdke magnetic field to the GMR stack, it is
important to simulate the plane field distribution the surface of the stack, meaning theaid
By field as it is indicated in Figure 6.5.

0°]20

E—y

SN SN

Figure 6.5: The new circuit geometry under investmn

For investigations of the plane magnetic fieldha kength of GMR stripe, thexBind B,
distributions were calculated at points which weggiidistantly spaced. The bottom spot of the
surface of GMR stripe is selected as the startiigtpgfor calculations (e.g. in Figure 4.1, the
path where the points are lying at the surfaceasked with red color) and it is denoted as the 0
point. The next point is spaced by 0.05 mm. Thepeaky spaced deviations of the path are
continued until the last point on the top sidel@ stripe which lies out of the paper in a diractio
perpendicular to it, along the y-axis.
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Figure 6.6aB, distribution on a GMR on the left half-bridge Figure. 6.6b: Bdistribution on a GMR on the left half-bridge
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Figure 6.6c: Bdistribution on a center GMR element Figure 6Bgddistribution a center GMR element

With this approach, we get a pattern of the plagle distribution along the surface of the
GMR elements. The Band B field distributions, of the equidistant with 0.5mspaced points,
and for two GMR elements, one of which is locatedtlve left half-bridge (Figure 6.6a-b) and
another on the center of the sensor (Figure 6.Gael)demonstrated in Figure 6.6. Simulations
were performed for a rotation of 1 pitch of the whalong the back-bias magnet. Due to
symmetry reasons, the plane field distribution @R located in the right half-bridge would
have the same,Bield distribution along GMR surface and reversed same in magnitude,B
field.

The B fields along the GMR stripes always have the saesponse for a rotation of 1
pitch. On the other hand the Beld is shifted each time we move from the bottsite of the
stripe towards the upper side. Thgfelds are homogeneously distributed along thipesr At
the center of the stripe yBlistribution is approximately zero, and movingtifier up or down, the
field has the same magnitude but reversed polafitys is due to the symmetric external
magnetic field created by the back-bias magnet.

6.4 Experimental results

For the configuration shown in Figure 6.6, expenisewere performed and compared
with the simulated data. Since the method of camsttrequations was used to rotate the
simulation model, it was possible to imitate thal magnetic circuit performance. But in reality,
with this simulated method, a sequence of statitukitions for every corresponding magnet
position over the rotated angle was performed, igavds a big advantage the meshing of the
model which does not change during the simulatidingrefore, this approach gives faster and
more accurate results.

So, to perform the experiments in the test benahtarcompare the experimental with
the simulations results, minimum wheel speed waseh, in our case this was 1.5 rpm.
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Figure 6.7: Experimental output signals

As the gear wheel rotates, the magnetic sensoldes\speed; this output comes from
the GMR elements situated in a Wheatstone bridgdiguration which measures the speed of
rotation of the wheel and the directional signatjah is the output of the GMR element situated
at the center of the sensor. A drawback of the mxmmtal procedure is that there is no
possibility to derive the Band B distribution along the GMR stripes directly, butlythe plane
field distribution at the surface of the GMR elertsewhile the gear wheel is rotated towards the
magnetic sensor because the input signal to treogethe external magnetic field has a ratio 1:1
with the sensor’s output signal.

Figure 6.7 demonstrates the output sensor sighbs.red curve indicates the measured
directional signal, while the blue curve shows $peed signal. The x-axis of Figure 6.7 shows
the angle of rotation of the gear wheel. The y-ssti®ws the output results in LSB (least
significant bit). LSB gives the resolution of theasurement, determining the resolution of the
ADC converter of the sensor. LSB values can besfoamed to magnetic flux density using the
following equation (Equation 6.2):

_ LSB _value

B (mT), (6.2)

where S is the sensitivity of the GMR elementsthiis case the sensitivity was measured and
found to be S=154.67 (LSB/mT).

6.5 Verification of simulation results with experimental results. Setting the field
distribution along the GMR elements

As indicated in Figure 6.6, the Blistributions are altered along the GMR elemesgs
keeps a constant value. The plane fielg|ag§:BX2+By2) on the surface of the stripes changes
due to the movement of the gear wheel. The avdralgethat the elements are sensing has to be
calculated and this field is to be compared with élperimental results of Figure 6.7.
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The characteristic curve of the GMR elements whsttows the magneto-resistive
response of a spin valve, while the external magretld is varied (Figure 1.4) shows the
linear working window of the GMRs as well as theréions which correspond to GMR
saturation mode . This curve is the result of expents setting the GMR element on different
external magnetic field values and measuring thpuiuchange of the resistivity. By fitting
those experimental data it is possible to assotiees, and B field distribution on the GMR
surface with the resistance of the GMRs using ¢ilewing equation (Eq. 6.3):

~-R+PRJB
—1; d y‘+P5—P6‘B

X

elP3+P4\ByH +1

(6.3)

R(BX,BY):RO 1+GM y‘ ,

where, R to B are the fitting parameterso ks the initial resistance of the stack, withoug th
presence of an external magnetic field, equal tk@OGMR is a coefficient equal to 0.1. By
substituting in the above equations theaBd B data along the surface of the GMR elements
results in the change of the resistance of the etésnalong their distance. Knowing the current
density hias passing by the GMR elements by performing the Qdwn

VadR (6.4)

we can derive the output response of the sensor.

The output signals are demonstratedigure 6.8 Figure 6.8, shows all the created output
signals along the surface of the elements. In gpeugraph, the direction of the curves coming
from the simulation results along the surface & @MR stripe is depicted. In the lower graph
we get the same results for the speed output sighmaboth graphs the distribution with the red
line indicates the experimental outputs. Blue liaes showing the respond of the plane magnetic
field distribution for each simulated point acrab® GMR surface (Figure 6.6Figure 6.%
demonstrates the results of the averaging theatetignals in comparison with the experimental
ones.
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Figure 6.8a: Output signals for each position @n th
surface of the GMR elements
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Figure 6.8b: The average output signals

This correlation between the simulation and expental results is more clearly
explained if, with the help of Equation 6.3, wenstorm the signals to plane field distribution as

it can be seen in Figure 6.9.

=®—meas_dir

L =l=sim_dir

Bplane{mT)
o

angle(®)

Figure 6.9a: Comparison of directional signal

=®—meas_speed

=fll=simu_speed

(5

angle(®)

Feg@rob: Comparison of speed signal

The measured field curves are indicated by a bloe Whereas the distributions
calculated from the simulation model are indicabgdthe red line. Results are shown for a
rotation of 1 pitch. Figure 6.9a shows the commaribetween the experimental measured
directional signal and the calculated signal. Theiaion between those two curves has a mean
value of 9%. Figure 6.9b compares the speed smprmaing from measurements and simulations.
In this case the mean deviation is small at appnaiely 3%.

Although the differences between simulation andeexpental results are not far apart, the
calculated results can be more precise which thethdr decreases the mean deviation values.
Firstly, the inaccuracies due to the simulation elazin play an important role. This inaccuracy
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comes from the choice of how densely meshed otheomodel under investigation is. Another
issue is the selection of the element. In this caseé-node 3D element was chosen, whereas it is
usually better to use a 20-node element with nadiss situated on the middle of each edge of
the 3D element. With these elements, it is posdiblgain better and more accurate simulated
results. A further issue is that in practice thergetry of gear wheel has deviations from the
theoretical geometry due to construction reasarsetample, each pitch distance does not have
the exact same dimensions of 6mm. Alternativelgrelmay be a small deviation on the height
of all the teeth of the gear wheel. These geonatpeoblems can set errors and deviations on
the calculated signal even from one pitch to anagteng the gear wheel.

6.6 Conclusion

A 3D model describing the rotation of a GMR sermmund a gear wheel was developed
and verified by experiments [76]. The approach @ivtio set the model and solve the rotation
movement of the finite element analysis was alsoatestrated. The plane magnetic field on the
surface of GMR elements was calculated and withhlp of a suitable equation this field was
transformed into the resistance change of the GMRients. Finally, the comparisons between
experimental and simulated results were perfornhegdveng a small variation.

The small deviation between the compared values i;dication of the validity of the
model which was used to simulate and investigaerthgnetic circuit. By the use of this method
we can have a fast and accurate estimation ofuhetibnality of the sensor (e.g. the air gap
performance of the circuit). Moreover it is possilbd optimize the magnetic circuit design and
therefore, to improve the working performance & @MR sensors.
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7 Conclusions and Future Developments

7.1 Conclusions

The primary objective of this thesis is to creat8D simulation model to investigate and
optimize magnetic circuits used in automotive aggilons, to provide the continuous working
performance of the GMR sensors and or to improeepttrformance of these sensors. The need
for these studies has to do with the introductidraonew magnetic sensor based on GMR
technology.

In contrast to Hall sensors where only the normagnetic field distribution is crucial for
the performance of the sensor, in GMR technologyplane field distribution at the surface of
GMR elements is of the most importance for properkimg conditions of the sensor. Since
GMR elements can easily reach saturation if thereal magnetic field exceeds a critical value,
it is necessary to design and operate the maggietigit applications carefully. Although this can
be done with the help of an experimental test beimcheality it is not practical since it is time
consuming and expensive. This drawback was solvehis work, introducing a 3D theoretical
model which simulates and predicts the working d@bons of a GMR sensor in automotive
magnetic circuits very accurately. Specificallye thontributions of this work are listed as
follows:

1. An automated field solver was created based orFE simulator EleFANT. With this
new approach, it is possible either to performistsitnulations / analyses of back-bias magnets
or to simulate the movement of the rotor part & thagnetic circuit, and therefore calculate the
field distribution that GMR elements are sensingeTuser merely has to indicate the input
parameters which define the potential functionabtyGMR magnetic sensors. Such parameters
are the dimensions of magnet and gear wheel, pidgdance and magnetic material properties.
By setting these parameters initially, the modedrsated automatically, designing the geometry
of the problem, its meshing and performing the @y conditions. Then by pressing a button,
it is possible to get results and investigate agqumance of the circuit under investigation.
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2. For angular sensors, a proposed field control lawees introduced and examined. Such a
layer splits the external magnetic field which masthrough the GMR elements ensuring that the
plane field on the surface of GMR elements wilif&de their operating window.

3. Detailed investigations of the back-bias magnenysoes were performed. The magnets
influence the working status of the GMR sensor.t€strong magnets lead GMR elements to
saturation and therefore, to miscalculations of skasor. On the other hand, weak magnets
results in a small air gap performance of the apgilbn. Different magnetic geometry shapes
were investigated and simulated to get their magfiield distribution. In parallel, investigations
were also performed for different material propestor magnetization directions. The targets of
those investigations were to check the magnetild faistribution on the surface of GMR
elements whether they have a homogeneous distiiboti not. Finally, a magnetic structure was
created simulated and optimized. Simulations of tbptimum magnet geometry shows a
stunning magnetic field distribution, since it igwin the working range of GMR elements and
can also perform in high air gap application disem Experimental results validated the
simulated one for different gear wheels geometieb applications.

4, The influence of the gear wheel as well as the chpéadifferent geometries and settings

was investigated and optimized to ensure the besfopmmance of the sensor. Various

characteristics of the gear wheel were investigatedh as the tooth height or the pitch distance.
Moreover, the ratio of tooth to gap distance wasestigated while the pitch distance is kept

constant. Additionally, new gear geometries withaalled rectangular tooth were investigated.
The overall characteristics of the GMR circuit wemgproved by increasing the tooth height

and/or the pitch distance. A drawback in using geaeels with additional added tooth structures
is the difficulty in manufacturing and thereforkey are expensive.

5. A 3D simulation model of the magnetic circuit wasvdloped in order to calculate the
field distribution on the surface of GMR elementdjile the gear wheel is rotated toward the
static part of the circuit, which is the back-brasgnet and sensor. The simulated results were
compared with the experimental results showing adgagreement. Specifically, the output
speed signal had a mean variation of 3% and tlexttinal speed signal had a variation of 9%
between the simulated and experimental data. Tdlidated model can be used to parameterize
and optimize the magnetic circuit and thereforejniprove the working performance of the
GMR sensors.
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7.2 Future Developments

The new 3D model describing the magnetic circutligations can be further refined and
the vibration modes can also be included in theutations of the magnetic field distribution.
Vibration modes that are typical and can be foumdautomotive applications are harmonic
excitations, but for simplicity they can be modeledh a sinusoidal approach, to reduce the
complexity of the system. The vibration of the meiim circuit, for simplicity, can be modeled
by simulating only the vibration of the back-biaggnet in both x and z directioA possible
approach would be to first simulate the vibratianone direction for example, the x-direction.
Then the reaction of the circuit for vibrationstime other direction, the z-direction could be
investigated. Finally, the superposition of the \abdwo vibrations can give the combined
vibrations of the system.

Another interesting issue for further investigaiarould be the use of the 3D model as
the input for the simulation of GMR elements usiRgnite Element Analysis. The field
distribution calculated at the surface of the GMIRmeents can be the input parameter for
investigating the performance of the GMR stackshE&gion of the layers can be discretized in
smaller sub-regions were the magnetization is ¢atled. The overall behavior of the
magnetization of the element is the summation @hesub-region magnetizations. For these
calculations, it is sufficient to evaluate the minim energy of the system. These calculations
give an indication of the response of the elememtd optimize their dimensions or even
introduce new materials for the layers.
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