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0.1. Abstract v

0.1 Abstract

The challenge of this diploma thesis was to develop a digital 3D compass based on Infineon
Technologies hall-sensors.

For this application the magnetic fields in X, Y and Z direction are each measured by
a sensor. A 3D acceleration sensor detects (by measuring the earth gravity) the current
tilt. Using both the values of the field and the acceleration sensors, a two-dimensional

projection of a virtual compass needle is generated and showed on the display.

The thesis mainly consists of the electrical design including component selection, the

development of the software and the construction of six end products for marketing.

The biggest challenge of the project was to filter and correct the output values of the
hall sensors. The used hall-sensors are originally not developed for detecting low fields.
The used type is currently used in the accelerator pedal, the throttle valve or the height
regulation of Xenon headlamps in cars and withstands a temperature range from -40 bis
170°C.

The goal is to proof that today’s automotive hall-sensor technology by Infineon is ready
to measure low fields, even if it is not originally developed for this application.



0.2 Zusammenfassung

Aufgabe dieser Diplomarbeit war es, einen dreidimensionalen, digitalen Kompass auf Basis
von Infineon Hall-Sensoren zu entwickeln.

Dazu werden die Magnetfelder in X, Y und Z Richtung mit je einem Sensor gemessen. Ein
3D Beschleunigungssensor erfasst (durch die Messung der Erdbeschleunigung) die Lage
des Kompasses im Raum. Mit diesen Daten werden die 3 Felder verrechnet und dadurch

eine zweidimensionale Projektion einer virtuellen Kompassnadel am Display erzeugt.

Die Arbeit besteht im Wesentlichen aus dem elektrischen Design inklusive Auswahl der

Bauelemente, der Softwareentwicklung und dem Aufbau von sechs Endprodukten.

Die grofite Herausforderung des Projekts war das Filtern und Korrigieren der Messwerte
der Hall-Sensoren. Hall-Sensoren wurden urspriinglich dafiir entwickelt, starkere Mag-
netfelder zu messen. Der hier verwendete Typ findet derzeit Anwendung im Gaspedal,
der Drosselklappe oder in der Hohenregulierung von XENON-Scheinwerfern in Autos und
widersteht Temperaturen von -40 bis 170°C.

Ziel ist der Beweis, dass die heutige Hall-Sensor-Technologie bereits, auch wenn sie nicht
dafiir entwickelt wurde, zur Messung des Erdmagnetfeldes anwendbar wére.

vi
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Chapter 1

Introduction

The project was launched to provide a demonstration object to Infineon Technologies
Austria AG for showing the capabilities of modern hall-effect based sensors. The compass
is using a TLE4998, a linear hall sensor for magnetic fields up to 200 mT. It is not officially
promoted that this sensor is usable for low fields like the earth magnetic field with only
about 40 — 50 u'T', but this project confirms what is possible with modern technology.

Figure 1.1: Picture of the compass



Chapter 2

(General

2.1 The earth magnetic field

The total intensity of the magnetic field on the earth surface varies from 24pT to 66pT [8].
Figure 2.1 shows the field lines on the earth.

The Earth’s Magnetic Field

North Geographic

— mf‘lg?etis” jNorth Pole

- . N 1 South
. Geographic Magnetic

.South Pole Pole*

Figure 2.1: Field lines on earth [7]
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2.2 Magnetic field sensors

There are several magnetic field sensors available. Figure 2.2 shows an overview of available
methods to sense magnetic fields. Currently the most common automotive sensors are Hall-
effect or GMR-effect based. Other effects like e.g. SQUIDs are mostly used for scientific

applications.

Detectable Field Range [Tesla]

Sensor Technology
10-12 10-10 108 106 104 102 100 102 104

Low-Field Sensors i | ] 1 l I

Squid

FihCl'-OpliC ] w
Optically Pumped I-—-——-——{

Nuclear Precession i .
Search-Coil SU——
Earth’s Ficld Sensors l

AniSOll’()PiC RCSiSli’\"ily L*qd
Flux Gate L———-_-—--J

Bias Field Sensors

Magnetotransistor
Magnetodiode

Magneto-Optical Sensor

Giant Magnetoresistive —_—
Hall-Effect Sensor | IUSR———

Magnetic Field Sources

Earth’s Magnetic Field m——
Permanent Magnet | I—

Electric Current L*__--w

Figure 2.2: Magnetic sensor technologies’ and their detection capabilities. The sensors
are divided in three different groups of field ranges: lowfield (nT), Earth’s field (uT), and
bias field (mT). [9]
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2.2.1 The Infineon TLE4998 hall sensor

The TLE4998 is a programmable, linear, hall sensor for automotive usage. The main facts
of the sensor are [5] :

e Vpp:4.5—5.5V

e Ipp:3.5—55mA

e Field range: 50, 100,200mT" (programmable)

o foutofs of internal 1st order filter: 80 — 1390H z (programmable)
e Interface: SENT, PWM, SPC

The detailed datasheet is appended.

Principle of operation

The main part of the sensor is a spinning-hall element for measuring the magnetig flux.
”Spinning” means that the direction of the current through the hall plate and the direction
of the hall voltage changes circular according to figure 2.3. The simplest form of it is just
a changing polarity of the current through the hall plate. The DSP reads the hall voltage
over an ADC and controls the ”spin”. This makes is possible to reduce the offsets caused

by the hall probe and other parts.
Figure 2.4 describes the internal block diagram of the TLE499854. It also shows a tem-

perature sensing unit to reduce linearity errors in analogue parts on high temperature

changes (temperature range is -40 to 150°C) that occur in the automotive sector.

Communication interface

The sensor supports three main communication interfaces (SENT, PWM and SPC) and
one proprietary programming interface [6]. Its documentation is appended. This interface
is used in the project because it enables to read the raw hall_adc data and other internal

parameters.



2.2. Magnetic field sensors
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Figure 2.3: Functional principle of a spinning hall element, [/] modified
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Figure 2.4: Block diagram [5]
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2.3 Acceleration sensor

An acceleration sensor is used to measure the tilt of the device. This is needed to know
in which direction the three magnetic field sensors are turned and so to find out, which
sensors should be used for calculation of the angle to north.

2.3.1 ADXL327

Analog Devices ADXL.327 [3] was the selected sensor. It has the following main specifica-
tions:

e J-axis sensing

e measurement range :1+2g

e operating voltage:1.8 — 3.6V

e analog output with integrated bandwith limiting by adding external capacitors

Figure 2.5: Photograph of the mounted acceleration sensor

Physical effect

The ADXL327 is a complete 3-axis acceleration measurement system. The ADXL327 has
a measurement range of +£2g minimum. It contains a polysilicon surface micromachined
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sensor and signal conditioning circuitry to implement an open-loop acceleration measure-
ment architecture. The output signals are analog voltages that are proportional to accel-
eration. The accelerometer can measure the static acceleration of gravity in tilt sensing

applications, as well as dynamic acceleration, resulting from motion, shock, or vibration.

The sensor is a polysilicon surface micromachined structure built on top of a silicon wafer.
Polysilicon springs suspend the structure over the surface of the wafer and provide a resis-
tance against acceleration forces. Deflection of the structure is measured using a differential
capacitor that consists of independent fized plates and plates attached to the moving mass.
The fized plates are driven by 18(°out-of-phase square waves. Acceleration deflects the
moving mass and unbalances the differential capacitor resulting in a sensor output whose
amplitude is proportional to acceleration. Phase-sensitive demodulation techniques are
then used to determine the magnitude and direction of the acceleration. The demodulator
output is amplified and brought off-chip through a 32k resistor. The user then sets the
signal bandwidth of the device by adding a capacitor. This filtering improves measurement

resolution and helps prevent aliasing.

The ADXLS327 uses a single structure for sensing the X, Y, and Z azes. As a result,
the three azxes sense directions are highly orthogonal with little cross-axis sensitivity. Me-
chanical misalignment of the sensor die to the package is the chief source of cross-axis

sensitivity. Mechanical misalignment can, of course, be calibrated out at the system level.
Source: Datasheet [3], page 10.
Communication interface

The sensor has three analog outputs for each axis. The analog output can be filtered using
external capacitors. For more details refer to chapter 6.



Chapter 3
Design-steps

Figure 3.1 represents the organizational timeline of the development.

Q12010 Q1-Q2 2010 Q2 2010 Q3 2010 Q3-Q4 2010 Q1 2011

Figure 3.1: Timeline overview

3.1 Design-step 1 - proof of concept

DS 1 represents the first basic test of the possibility to develop a compass. The sensor is
connected to the PC via the Infineon PGSISI2 box.
3.1.1 Basic proof of concept

The sensors hall_ adc value is shown in a graph on the computer using MATLAB. Then
the sensor was rised for about 1.5m and a change of the value when turning the sensor

was recognizable.

3.1.2 Extended proof of concept

Three sensors are mounted together and connected to the computer as shown in figure
3.4.
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Hall-
sSensor

Figure 3.3: Scheme of DS1

3.2 Design-step 2

DS2 represents the first prototype. An overview of it is shown in Figure 3.6. An Arduino
nano board (http://www.arduino.cc/) is used as main controller. Because of absence of

Figure 3.4: Scheme of extended possibility test
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an accelerometer sensor, it is only built as a 2D compass.

Figure 3.5: Picture of DS2

Digital on button Display

Arduino

x-Hall sensor ]

|
[ Digital off button j [ y-Hall sensor ]

[ z-Hall sensor ]

Figure 3.6: Scheme of parts in DS2

3.3 Design-step 3

DS3 packs all stuff of DS2 on a single pcb, adding an accelerometer for the 3D mode and
a lithium-polymer battery for mobile usage.
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Figure 3.7: Picture of DS3

3.4 Design-step 4

DS4 represents a release candidate of the compass (figure 3.8). Its main change is a thinner
design to gain better mobility and an added battery charger. Later on also a case and
a suitable packaging were added, but this is not part of the thesis. The front cover and
picture of the packaging can be found in appendix C.

Figure 3.8: Picture of DS/ without case



Chapter 4

Hardware overview

Voltage

accelerometer

Figure 4.1: Hardware overview

The hardware mainly consists of sensors, the display, micro-controller and the battery
(+battery management).

4.1 Sensors

A general part about the sensors is written in chapter 2. The mathematical part accord-
ing to the magnetic field sensor is written in chapter 5 and about the accelerometer in

12
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chapter 6.

Figure 4.2 shows the electrical connection of the hall sensors. Every sensor is supplied
through an independent I/O of the microcontroller. This is possible because an 1/0O is
able to handle a current of 20 mAand the sensor requires about 6 mA.

Figure 4.3 shows the electrical connection of the accelerometer.

LL
S
L= SCKO 1 57
IL" VDDO 2 | ypp
O] I o 3
= g DATAQ 4 | GNP
©) 1 VOUT
2k2 IC_X
LE. IFX_HALL
8. S SCKL 1 a7
| VDD1 2
ol - 3 | oo
o g DATA1 4
©) —1 VOUT
2k2 IC_Y
L IFX_HALL
8 8 SCK2 17
| VDD2 2
o { I R6 5| o
- s DATA2 4
O] 1 VOUT
2k2 IC_7
IFX_HALL

Figure 4.2: FEletrical connection of the TLE}998 sensors

[ap]
‘?2 N IC4
14 12 X_ADC
5] vee v [0 Y_ADC
C15 Z 8 N Z_ADC
100nF§ GND1
5| oo c7 | ct1 | ci2
7 o = ==
GhDaTEST 100n| 100n| 100n
ADXL327
GND GND GND GND

Figure 4.3: FElectrical connection of the ADXL327 sensor
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4.2 Display

The display type is pOLED-128-G1h by 4D Systems !. Figure 4.4 shows a picture. It
is based on the OLED technology to reduce the power drain. It is connected to the
microcontroller directly via a serial interface. The display also offers a 3.3V power output

which is used to supply the accelerometer.

Figure 4.4: nOLED-128-G1h [1]

4.3 Microcontroller

Figure 4.5 shows a picture of the soldered microcontroller. The following table lists the
most important specifications:

e Type: Atmel AVR ATmega328p

Clock: 20 MHz

Flash emory: 32kB, 16 kB used

SRAM: 2kB

ADC: 8 channel, 10bit

Operating voltage: 1.8 — 5.5V

e Operating current: 0.2mA @1 MHz

thttp://www.4dsystems.com.au/
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Figure 4.5: Atmel ATMega328p microcontroller
4.4 Battery

Two lithium-polymer batteries are used as power source. More information is available in
chapter 8.



Chapter 5

Magnetic field data correction

5.1 The raw data

X-Field [LSB]

arctan(y/x) [deg]

o

|
a1

|
=
o
o

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

Piezo angle [deg]

Figure 5.1: 360deg turn

16
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The sensors magnetic field range is set to 50mT, the earth magnetic field is only about
50pT. This means that the earth magnetic field is about 22™L — 10.000 times smaller than

50uT
the sensors maximum field. The sensors resolution is 16bit. This results in a change of
only ?g:ggg = 6.5LS B from the minimum to the maximum magnetic field. The raw data of

the sensor is filtered by it’s internal lowpass filter (feutors = 80 Hz, —3 dB point). Because
the output data was still fluctuating, additional provisions have to be foreseen. Figure 5.1
shows the values of the x and y sensors during a 360deg turn using a piezo motor.

5.2 Filtering

The filter is designed using Matlabs Filter Design € Analysis Tool (fdatool). Equation
5.1 shows the transfer function of the digital filter. The parameters of the filter (set with
the fdatool) are:

e Type: IIR, Lowpass, Butterworth, second order

e Sampling frequency Fs; = 7T3Hz
e Second order

® [uss = 0.2Hz

o Iy =15Hz2

o A5 =1dB

o Aoy =29dB

Figure 5.2 also shows a screenshot of the fdatool.

22 4+224+1
22 — 1.9655538797378542 + 0.966137170791626

G(z) = 0.00014582673611685 -



File Edit Analysis Targets View Window Help
sRHEL 299X U B MMHNM# 40 B ARE W

0

Figure 5.2: Screenshot of fdatool
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5.3 Calibration for offset correction

The hall-sensors inaccuracy is much higher than the earth magnetic field, so an offset cor-
rection has to be done. Equation 5.2 describes how the offset is calculated and subtracted

of the raw, filtered sensor value.

x Lraw 1 Lmax LTmin
Yy = Yraw - 5 ' Ymax - Ymin (52)
z Zraw Zmax Zmin

2,1, z...current field
Traws Yraw, Zraw - - - Taw, filtered value of sensor
Tmazs Ymazs Zmaz - - - Nighest measured value of sensor

Tomins Ymin, Zmin - - - lowest measured value of sensor

The calibration process is started after the boot process of the compass. To calibrate, the
minimum and maximum values have to be found. The text on the display, indicating that
the compass is uncalibrated will disappear, as soon as each quadrant has been reached at
least once. As soon as every quadrant has been reached more often (that means every
quadrant has been hit for at least 3-5 seconds), the calibration will be classified as good
and can not be disturbed again by external noise (eg. a magnet).



Chapter 6

Accelerometer data correction

6.1 Filtering

Accelerometer data is filtered twice. First filter is made up analog as described in the
datasheet of the sensor [3] and the second one is a digital PT1 filter.

6.1.1 Analog lowpass filter

The analog lowpass filter is done as described in the datasheet [3] with a cutoff frequency
of 50Hz. Figure 6.1 shows the bode diagram of the filter.

1 1

Jeutosf = 3 RG = 27 32k 100uF 01 (6.1)
6.1.2 Digital lowpass filter
G(z) = 0.03698 - (6.2)

z —0.9615

The digital lowpass filter is used to remove errors caused by the analog-digital-conversion
unit and to reach an even higher filtering effort. Figure 6.2 shows the bode diagram of
this filter.

22
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Figure 6.1: Bode diagram of the analogue filter for the accelerometer

6.2 Offset correction

No calibration is required to use the sensor.

constants and were determined manually using the debug mode of the firmware.

8

xraw
yraw

ZT'G/LU

1
5 (max — min)

The minimum and maximum values are



6.2.

Offset correction

24

_10 -

_20 -

Magnitude (dB)

_30 -

-40 :

Phase (deg)
d
o

|
[e2]
o

el i i |

10 10

Figure 6.2: Bode diagram

10" 10°
Frequency (Hz)

of the digital filter for the accelerometer

10



Chapter 7

Angle calculation

Figure 7.1 shows the arrangement of the three hall sensors.

Figure 7.1: Sensor arrangement

7.1 Basic

For only 2D calculation of the angle, the simple equation 7.1 could be used.

a = arctan 2 (7.1)
x

25
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7.2 3D calculation

For 3D angle calculation, x and y in equation 7.1 has to be exchanged, according to the
tilt of the compass (equation 7.2).

Y- |Zacc| +z- Yace + y- |xacc|
—Z * Zgee T T - |yacc| — 2 Zace

Qraw = arctan —of fset (7.2)
The following figures explain how this equation works. The blue part of the equation is
the active one, that means the one, where the acceleration is high. Acceleration on the
non-highlightened parts is nearly zero, so only the blue quotients are used for calculation
of the angle. If the compass is tilted only a bit, the equation takes a part from both active
situation to calculate the current angle.

Inflneon oy = arctan Y-lzacel+2 Yace+y [ Tace| _ Offset

—Z ZgcetT: |yacc|_z'zacc

y'|zacc|+z'yacc+y'|xacc| o Offset

= ar 1
araw a Cta _‘T'zacc+a7'|yacc|_z'$acc

Opqu = arctan Lliaceltzvocetylracel _  p ooy

—Z ZacctT- |yacc|_z'wacc

S
(©)
0
S
=
=
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7.3 Averaging

Averaging was not as easy as expected because it was necessary to average e.g. the two
angles -170°and 4+170°. As an example, #“70 = 0, but the problem is that it should be
180°. Listening 7.1 shows the algorithm that solves the problem. It checks if the numeric
difference between the old and new angle is bigger than 180°. If that occurs, it adds or
subtracts 360°to the old angle to reach a numeric difference of lower than 180°.

Listing 7.1: Angle averaging
if ((rad[1] + M_PI) < rad_raw [0])

{
rad [1] += 2.xM_PI;

}
else if ((rad[l1] — M_PI) > rad_.raw[0])

{
rad [1] —= 2.xM_PI;

rad [0] = normalize_rad ((rad.-raw [0] + rad[1]) / 2.);



Chapter 8

Power management

8.1 Requirements

To keep a small device mobile, power has to be saved. Table 8.1 shows the power require-
ments of the important parts.

Table 8.1: Power consumption

Pcs. | Part Voltage Range [V] | Current range [mA] | Current typ. [mA]
3 | TLE4998 4.5-5.5 3.0-8.0 12.0

1 | ADXL330 1.8-3.6 0.32 0.3

1 | uOLED-128-G1h 4.0-5.5 12.0-120.0 45.0

1 | Atmega328p 1.8-5.5 1.0 1.0
Sum: 58.32

The power consumption of the uOLED-128-G1h (display) is variable. It depends on the
displayed graphics. In comparison to ordinary LCD screens, OLED display do not make
use of a backlight. Only non-black pixels are lit. This results in a very high contrast

and very low power consumption. Measure with an ampmeter resulted a current drain of

60 mA.

8.2 Power supply

A 5V and 3.3V power supply had to be generated. The 3.3 V voltage is taken from the

display as it generates 3.3V onboard for itself and provides it on pin 10 of it’s connector [?].

28
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The 5 V supply is generated by the very efficient LD2981 LDO voltage regulator. Another
advantage of the LD2981 is the INHIBIT (=enable) pin. It can be used as digital switch
so that the microcontroller is able to switch itself off.. Figure 8.1 shows the circuit of the
voltage regulator. Device powering is done by a pressed button (S1_ON), which pulls the
INHIBIT pin high. The microcontroller starts executing and pulls the ENABLE line to
high. After that the button can be released with voltage regulator in active mode.

S1_ON

IC2

LD2981
. +5V
<& 1L vin  vour |2 —>
VCC o INHIBIT [—=
+| C10 5 S _ch o 09
—— Q
1uF N 100nF L2 T2.2uF
 J [
GND GND

Figure 8.1: Voltage requlation

8.3 LiPO batteries

8.3.1 Overview

Lithium polymer batteries have a very high capacity. Today they are used in nearly every
mobile phone, notebook and also in the newest electric and hybrid cars. One problem with
these cells is a barely limited number of charge cycles. Todays cells are able to withstand
about 300-1000 charge cycles. Many notebook manufacturers ship special software to
extend the life cycle. This software stops the charging procedure at a set-able percentage
(e.g. 90%). For the compass this is no problem because this number of charging cycles
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Figure 8.2: LiPO batteries

are not expected and necessary. Even a charge cycle per week will result in just 52 cycles
a year (more than enough).

8.3.2 Charger

LiPO batteries need a special charging circuit. Figure 8.3 represents the schematics of the
used charger. It gives a constant 140 mA current and constant 8.20 V voltage output. The
idea of this schematic was copied from [2].

R12 sets the output current: Ris = % = % = 4.280)

R11 sets the output voltage. It was first exchanged by a 2 k() potentiometer to find out
the correct value for a 8.20V voltage between B1- and B2+.

8.3.3 Protection

LiPO batteries have to be protected from overcharging (> 4.20V per cell, which would
lead to an explosion) and deep discharge (< 2.9V per cell). Overcharging occurs by a
voltage of 50mV above 4.20V. To prevent this, the charger stops charging at ~ 4.1V
per cell (8.20V on both installed cells). The two zener-diodes (D2, D4) are not intended
to stop a charging cycle as they are too inaccurate. Their main purpose is to provide
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Figure 8.3: LiPO Charger circuit [2]

additional security on errors in the schematics. To prevent deep discharging, the compass
is able to measure the battery voltage and to shut down itself at 3.1V per cell. The cells
are also internally protected from overvoltage, short circuit and deep discharge.

8.4 Battery voltage measurement

It’s not possible to read the battery voltage directly with the ADC on the microcontroller.
The reason is that the voltage is > 5 V. To prevent this, a voltage divider of two resistors
with the same size could be used. In this case the divider must not consume power when
the compass is turned off to lower self-discharging of the batteries.

Figure 8.4 shows the circuit to switch off the power for the voltage divider / ADC when
the compass is turned off (ie the ENABLE line is low). To reduce the power, Q2 is turned
off by a pull-up resistor R15. If ENABLE goes high, Q3 turns on, pulls the base of Q2 to
low and so the ADC is able to measure nearly half of the battery voltage between R4 and
R5 (on the SUPPLY_MEAS line).
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Chapter 9

Software structure

The firmware for the micro-controller is written in C and compiled using the avr-gcc
compiler. The source is splitted in several files as it is shown in figure 9.1. The ADC
files include lowlevel functions to read analogue voltages from the built-in ADC unit.
The UART files include lowlevel functions to read and write serial data. This is mainly
used to communicate with the display. The IFX-Hall-Sensor files implement functions for
the digital communication with the TLE4998 hall sensors and the functions to code and
encode the protocol. The OLED files implement many functions for drawing and writing
stuff on the display. The EEPROM-Storage files offer a way for saving calibration data to
the AVR internal EEPROM memory. In the last design-step this feature was deactivated
as it offered no big advantage and caused a more complicated user interface. The angle
conversions files include useful stuff for converting angles from radiant to degree and back,
normalizing angles etc. The algorithm may be found in the filemain.c and is summarized
in figure 9.3. The file main.h includes constants and definitions for the project.
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Chapter 10

Conclusion and outlook

Even through the sensors are of low resolution type, it is possible to measure small fields
quite good using digital filters. It would be possible to improve the compass design by
extending the update rate of the filters. This could be reached by eliminating the long
delay time for display acknowledgement after update.

Furthermore it would be interesting to see if it is possible to exchange the hall-effect based
sensor by a GMR-effect based angle sensor like the Infineon TLE5012. The TLE5012
already includes a GMR unit for sensing the X and Y direction. A 2D compass would be
possible by just using only one sensor (instead of two independent TLE4998).

Another improvement could be done on the battery management. It would be a nice
feature to monitor and control the charging voltage and current by software. This could
extend the battery life dramatically.
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Nomenclature

ADC Analogue to digital converter
DSP Digital signal processor

fdatool Filter Design and Analysis Tool
I[TR  Infinite-impulse-response filter
LDO Low dropout regulator

LiPO Lithium-Polymer Battery

mA  Milliamperes

OPA Operation amplifier

PGSISI2 Infineon Sensor Interface V2
T Tesla

UART Universal asynchronous receiver transmitter
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PCB layout
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Figure B.1: PCB layout
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