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Preface 
Goal 

With the strong increasing amount of traffic it is important that the usage of the 
road is done more and more efficiently. This means that the vehicles have to 
drive closer to each other and more accurate. To make this possible, the human 
driver has to trust part of the control of its vehicles to computers and controllers. 
At this moment a project is running in Eindhoven to develop a guided coach. To 
make this possible the computer and controllers need to know where the vehicle 
is in relation to the road. This is the mayor part of my graduation project. 

Content 

First of all I will give a small introduction of what my graduation project involves 
and what the purpose of this project is. After this I give an explanation of what 
type of lateral position system we use and what influence disturbances in our 
measurement system have on the measurement. This is followed by a description 
of the sensors we are using, several methods of calibrating the measurement 
system and the results of these calibrations. Before I can give a conclusion, I take 
a look at the disturbances in the magnetic field and give some solutions of how 
the effects of these disturbances in our measurements can be reduced. 

Acknowledgements 

During my graduation project I have worked with several people at the university, 
most of these people are working at the Measurement- and Control Systems 
group (MBS) of the department of Electrical Engineering at Eindhoven University 
of technology. I like to thank all of these people, and in particular prof.dr.ir. P.P.J. 
v.d. Bosch and ir. D. d. Bruin, for their effort, idea's, opinions and patience. 

I also want to thank IEEE Student Branch Eindhoven. During my study I spent a 
lot of time with them, arranging several company visits, symposia and a study 
tour and of course also many social events. They gave me a change to get 
experienced in organizing, working in a team, the companies, university and the 
students. All of these things are very useful in the future. 

Also of course I like to thank my parents for their support during my studies. With 
out there help I won't have made it this far. 

lateral Position Measurement using magnetic sensors ·page: 2 



Contents 

Preface -----------------------2 

Chapter 1. · Graduation project ------------5 

Chapter 2. Lateral position measurement system 6 
2.1. Magnetic field. 6 

2.2. Slant of magnet 8 

2.3. Disturbances 10 
2.3.a AD converter 11 
2.3.b Slant of the magnets 12 
2.3.c Rotation of the sensors 16 
2.3.d Slant of the sensors 18 
2.3.e Displacement of the sensors 22 
2.3.f Materials with permeability f..lr '# 1· 25 

Chapter 3. Magnetic sensors __________ ~-- 33 

3.1. Magneto resistive sensor 33 
3.1.a Set/Reset strap--------------- 35 
3.1.b Offset strap 36 
3.1.c Sensor disturbances 37 

3.2. Sensor calibration 37 
3.2.a First method 38 
3.2.b Second method 39 

3.3. Simulation----------------- 44 

3.4. Measurements 47 
3.4.a Measurement of 8'---------------- 47 
3.4.b Measurement of a 48 
3.4.c Lateral position measurement 48 

Chapter 4. Filtering and corrections __________ 52 

4.1. Desired signal 52 

4.2. Disturbances in the magnetic field 54 
4.2.a Earth magnetic field 55 
4.2.b Currents trough the chassis of the coach 55 
4.2.c Electrical engines 55 
4.2.d Power lines 55 
4.2.e Mobile telephones etc 56 

4.3. Filter design 56 

4.4. Filter results._ _______________ 59 

Conclusions ______ _ ______________ 66 

References ---- ----------------68 

lateral Position Measurement using magnetic sensors page: 3 



Appendix A. Mat Lab function 'Piot_magveld' 69 

Appendix B. Matlab function 'Sensor' 71 

Appendix C. Matlab function to 'M_Sensor' 73 

Appendix D. Specification HMS2003 Sensor 75 

Appendix E. Matlab function 'InvloedRotatieXYopDelta' 79 

Appendix F. Matlab function 'InvloedDeltaopAipha' 80 

Appendix G. Matlab function 'InvloedRotatieXYopAipha' 81 

Appendix H. Matlab function 'rij_signaal' . 82 

Appendix I. Matlab function 'rij_signalen' 84 

Lateral Position Measurement using magnetic sensors page: 4 



Chapter l. Graduation project 
My graduation project is part of a very large project; called 'Hoogwaardig 
Openbaar Vervoer' (HOV), translated in English it's called 'High-grade Public 
Transport'. This involves a new type of coach that is controlled completely by a 
computer. Eight wheel can be steered separately and six of these wheels has it's 
own electrical engine, the front wheels do not have an engine. The advantage of 
such a coach is that it drives more accurate than a human driver so the road can 
be made smaller. Because the coach stops precisely at the right place and the bus 
has a low footboard, boarding the bus is easier and therefore quicker. The coach 
has one main wagon with the main engine, driver site and the controller. The 
main wagon Is followed by a number of trailers. Each trailer has to follow each 
other exactly in the same track. Before the computer can control the bus it has to 
measure several variables like: velocity, weight, position of all the wagons, the 
angle between the wagon and the trailers, the number of trailers etc. 

One very important variable is the lateral position of the coach in relation to the 
road. There are several possibilities to measure the lateral position, for example: 
a wire that is placed in the middle of ~he road and carries a current, a trail of 
magnets, Global Positioning Systems (GPS), radar, visual with markers placed on 
the road and cameras on the bus, ultrasonic, etc. 

One solution of the lateral position measurement is developed at the 
Measurement- and Control Systems group (MBS) of the department of Electrical 
Engineering at Eindhoven University of technology. This involves a combination of 
several sensors, Wheel sensors, acceleration sensors, gyroscope and a trail of 
magnets placed in the center of the road combined with magnetic sensors on the 
coach. This technique is called "Sensor fusion". 

The magnetic sensors and the magnets that are placed in the road serve as 
reference to the total measuring system. By measuring the magnetic fields the 
position of the magnet can be calculated. The magnets are placed at an interval 
of 4 meters and each time the coach passes a magnet the position measuring 
system is calibrated with the position calculated by the position calculated by the 
magnetic field. 

When using the magnetic field of the magnets to calculated the position of the 
coach, there are several environmental distortions that influence the 
measurement like: earth magnetic field, the power grid (SO Hz signal), slant of 
the magnet, temperature changes and metal on or in the road and bus. 
Furthermore there are distortions like: the electrical engines in the wheels, the 
slant of the vehicle, mobile telephones and switching currents and offset, non
linearity, orientation, displacement of the sensor that also disturb the 
measurements. 

My graduating project involves: 

• Developing a calibrating system for the magnetic sensors 

• Determine the critical distortions for the lateral position measurement 
system 

• Determine what kind of influences these disturbances have on the lateral 
position measurement system 

• Developing countermeasures against the distortions that have a negative 
effect on the lateral position measurement system. 

• Test and simulate the effect of the counter-measures on the lateral 
position measurement system 
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Chapter 2. Lateral position measurement system 
In order for the computer to control the coach, it has to know what the position 
and the orientation of the coach are. This can be done with several 
sensors/systems, Global Positioning System (GPS), · gyroscope, acceleration 
sensors are a few examples. At the Eindhoven University of technology they are 
working on a system that combines several sensors using a technique called 
"Sensors Fusion". There are several sensors placed on the coach and the trailers. 
These sensors measure the steering angle of the wheels, the angle of the coach 
and the trailers, the rotation of the each wheel, acceleration, etc. Using these 
sensors we are able to determine movement and orientation of · the trailers in 
relation to the coach. The only problem with these sensors is that there is no 
reference point on which we can determine the position and the orientation of the 
bus in relation to the world/road. There are several possibilities to create a 
reference points, for example: visual stripes placed on the road, a current holding 
wire placed inside the road, a trail of magnets and GPS. Our choice is to use a 
trail of magnets as reference to the world. An important thing to measure is the 
lateral position of the coach in relation to the road (see Figure 1). 

center of the road 

------~----6----~----

(WTIIIIIIIII IIII;;g~b) 
0 0 0 0 0 0 

Figure 1. Coach following a trail of magnets 

2.1. Magnetic field. 

In order to measure the lateral deviations of the vehicle using a trail of magnets 
we first have to know how the magnetic field of a circle symmetric magnetic bar 
looks like. 

Figure 2. Magnetic field produced by a circle symmetric magnet bar. 
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The magnetic field that is produced by one circle symmetric magnetic bar can be 
approximated by: 

p ·M 
B = 0 ·3·z ·x = 4·n-·rs m m 

f.Jo·M 
Bmy= s·3·zm·Ym 

4·n-·r 

Po ·M ( 2 2 2) Bmz = s . 2. zm - xm - y m 
4·n-·r 

JiO Is the permeability of free space; M is the magnetic moment of the magnet. Xm is the distance of 
the magnet over the x-axis (see Figure 2), Ym the distance over they-axis and Zm the distance over 
the z-axis The subscript m denotes that the fields are expressed in a magnet-coordinate frame, with 
the axis Xm, Ym and Zm. 

If we measure the magnitude of the magnetic field in the direction of the axe Xm, 
Ym, and zm over the plane Xm - Ym then it would look like Figure 3: 

Flgure3. 

J 05 

-~ a 

f.o• 

Magnetic field produced by a magnet in the direction of the x-, y-, z-axis. 

If we combine Bmx and Bmy we can calculate the lateral position Ym, of the 
magnet: 

Bmy 
Ym =B·Xm 

= 
The problem is that Xm is unknown. In order to determine Xm, we can use two 
sensors. These sensors are place on the longitudinal-axis of the vehicle with a 
distance d between them (see Figure 4). When the first sensor measures a zero 
crossing of Bmx, · then Xm = 0 for the first sensor and the second sensor can 
determine the position of the magnet with Xm=d. 

If the second sensor measures a zero crossing the first sensor can determine the 
position of the magnet with Xm=-d. The problem with this method is that the 
position determination of the magnet is effected by the slant of the magnet and 
sensors. 
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Flgure4. Measurement arrangement, Including the world- and magnet-coordinate frame. 

2.2. Slant of magnet 

As soon as the magnet rotates around the Xm-axis or the Ym-axis the magnetic 
field also rotated. So if the magnet is placed under an angle in the road, the 
magnet-coordinate frame is rotated, we measure the magnetic field in the world
coordinate frame so the magnetic field in the magnet-coordinate frame must be 
translated to the world-coordinate frame. This can be done by a matrix operation. 

[

Bwx] [cos(p) sin(a )·sin(p) 
Bwy = 0 cos( a) 
Bwz sin(p) - sin(a )· cos(p) 

-cos{~)·sin(p)] [Bmx] 
sm(a) · Bmy 

cos{a)·cos(p) Bmz 

a is the angle of rotation of the magnet around the y-axis, fJ is the angle of the 
rotation of the magnet around the x-axis. The w notes the world-coordinate 
frame, the m the magnet-coordinate frame see Figure 4. 

In Figure 5 and Figure 6 the magnetic fields are shown if the magnet is rotated 
around the x- or y-axls as function of Xw· In both situations the magnet has a 
slant of 15 degrees the distance of the magnet in the xw-axis direction is 0.1 
meter. 
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Figure 5. Magnetic field produced by a magnet, with a slant of 1SO over they-axis at distance of 0.1 meter, 
In the direction of the Xm-, Ym- and Zm·axls. The red line represents the magnetic field without slant, 

the blue line with slant. 
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Figure 6. Magnetic field produced by a magnet, with a slant of 1 SO over the x-axis at distance of 0.1 meter, 
In the direction of the Xm-, Ym- and Zm·axis. The red line represents the magnetic field without slant, 

the blue line with slant. 

Due to the slant of the magnet in the longitudinal direction (only, rotation around 
they-as) the magnetic sensors measure the following fields: 

B = C. ){·sin P · {y; + z; - 2 · x; )+ xw · zw ·cos p 
wx ,s 

B =C· (xw·sinP+zw·cosP)·Yw "" ,s . 
fJ is the angle of slant in the x (longitudinal) direction. Here we use the world-coordinate frame (see 
Figure 7). · 

By combining the two sensor signals we can cancel out the slant effect In the x
direction. 
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With this method we can calculate the position in the y direction if the magnet is 
exactly between the two sensors, so Bwx1=Bwx2 • 

Figure 7. Overview of the world-coordinate frame. 

2.3. Disturbances 

To make an accurate measurement of the lateral position it is important that we 
know how our measurement equipment is lined up and if it is misaligned what the 
consequences are to the position measurement. In Figure 8, we see some of the 
alignment problems we have with the sensors. Then there is also the problem 
with slant of the magnet and of the sensors. 

Figures. 

- -- ------ ---iJ.tCx:S~:~+i90~0 ==========]e~~ 
; 
; 
; 

-~ j 

--------- - -------~-LY~w H 

~ ·-·····-·-·-·-·-·-· ... :.J ... ~a2 

Alignment of the sensors. See also Figure 7 for the coordinate frame. 

To see what the consequences are from these misplacements, we ran some 
simulations. By doing so we got a good impression what the critical parts of the 
alignment where and what parts not, to the lateral position measurement. We 
also checked our theory when the cancellation of the slant of the magnet, in the 
direction of the x-axis, takes place and what kind of influence the slant of the 
magnet has in the direction of the y-axls. 
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Another problem with this measurement system is material with permeability not 
equal to air ( p, :;t: I). We also had to test this to see what kind of effect these 

materials had on the lateral position measurement. 

The optimal distance between the sensors must also be investigated (distance 'd' 
see Figure 4). 

To calculate the effect on the misalignments on the lateral positioning 
measurement we used two Mat Lab functions. Function 'Sensor' is the main 
function, by inserting the misalignment parameters like: slant of the magnet, 
slant of the sensors, rotation of the sensor etc, this function calculate the pqsition 
that would be measured and the error that occur if these misalignments are not 
compensated. The function 'Sensor' uses the second function 'M_Sensor'. This 
function calculates the magnetic fields that the sensors would measure with the 
misalignments, and returns these magnetic fields to the function 'Sensor'. These \ 
functions can be found at appendix B and C 

2.3.a AD converter 

The first thing to test is what influences an AD converter has on the 
measurement. The effects of the AD converter depend on the strength of the 
magnetic fields and the resolution of the AD converter. Due to the division in the 
formula, to calculate the position, it is very important that the resolution of the 
AD is sufficient. If not we get numerical problems like division by zero etc. 

The three AD resolutions we tested are: 8 bits, 12 bits and 16 bits. Figure 9 
shows the position of the magnet using an 8 bit AD converter in the left graph 
(red line is the· real position, the blue line is the simulated position), in the right 
graph the error of the position is displayed. We see that the error is very small in 
the range of ±30 em. beyond this range the error increases and at a range of± 1 
meter the error increased to 0.5 meter. What is not shown here is that during the 
calculation many "Warning: Divide by zero." Messages where generated by Mat 
Lab this is due to the fact that the magnetic field is too small for the AD converter 
to measure a difference between these fields. 
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Figure 9. Simulated position and error If we uses an 8 bit AD converter 

If we use a 12-bit AD converter these warnings do not occur. In the range of one 
meter we determined an error of less the 0,1 meter (see Figure 10). But we must 
keep in mind that these errors are added to the other errors so 10 em is still too 
large. Another problem is that as soon as the magnet is tilted or the sensors are 
placed further apart the magnetic fields drop in amplitude and the resolution of 
the AD converter becomes insufficient. 
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Figure 10. Simulated position and error if we uses a 12 bit AD converter 

When we use a 16-bit AD converter the errors drop to a max of 6 ·1 o-3 meter at a 
range of ±1 meter (see Figure 11). 
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Figure 11. Simulated position and error if we uses a 16 bit AD converter 

Even if the sensors are placed further apart or the magnet is titled, the error 
remains small. 

2.3.b Slant of the magnets 

The second thing we have to test is what effect the slant of the magnet has on 
our measurements. Because the magnets are placed in the road by human hands, 
they have a small slant. We estimate that the placing of the magnets, with an 
accuracy of 5 degrees, is being possible. 

The sensors are placed on the coach so if the bus is tilted, this occurs for instance 
in a corner or at braking, the magnet is tilted with respect to the sensors. 
Because almost everything is measured in the coach, the slant of the bus is also 
measured. The coach has an electronic suspension, to be able to control this 
suspension each spring distance has to be measured. Using these measurements 
we also can calculate the slant of the bus. With this knowledge we are able to 
compensate for the effect of slant of the coach so that this has almost no effect. 
Another effect of slant of the coach is displacement of the magnet with respect to 
the sensors. The magnet will not be in the middle of the two sensors if we detect 
a zero crossing of BwxrBwx2 if the coach tilts forward or backwards. The 
displacement has a little effect on our position measurement as we will see in 
chapter 2.2. The displacement in the lateral direction can be compensated by the 
slant information of the coach. 
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If everything is correct the slant of the magnet in the x-axis direction should be 
completely compensated, the slant of the magnet in the y-axis direction not. To 
see what effect the distance between the sensors have we need to simulate it at 
several different distances and magnets slants. 

Tilting the magnet in the direction of the x-axis over an angle of 5 degrees an 
error occurs of 4 ·1 o-3 meter. We see in Figure 12 that this is less then without 
the slant of the magnet. This is caused by the fact that the magnetic fields 
measured by the two sensors are less equal so the quantisation has less effect in 
our calculations. 
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Figure 12. Simulated position and error if we tilt the magnet 5 degrees 
in the direction of the x-axis with a distance between the sensors of 0.2m. 

Here we used a distance of 0.2 meter. If we run the same simulation with a 
distance of 0.4 meter we see (Figure 13) that the error gets even smaller to a 
max of 2.5 ·10-3 meter. 
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Figure 13. Simulated position and error if we tilt the magnet 5 degrees 
in the direction of the x-axls with a distance between the sensors of DAm. 

In these simulations we used the method of combining the two sensors as 
described in chapter 2.2. We are also able to measure the position with only one 
sensor if the longitudinal distance is known. 

Bmy 
Ym=s·xm 

mx 
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If we use one sensor to determine the longitudinal Xm, by detecting a zero 
crossing in the magnetic field over the x-axis direction or a max In the magnetic 
field in the z-axis direction, we can use the other sensor to determine the lateral 
position. In Figure 14 we see simulated position measured by one sensor. We see 
that by combining the two sensors the slant of the magnet is completely canceled 
out, using only one sensor we measure an error of 0.3 meter at a lateral distance 
of 1 meter. 
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Figure 14. Simulated position and error If using only one sensor, 
tilted 5 degrees In the direction of the x -axis with a longitudinal distance of 0.2m. 

Next we tilt the magnet by 5 degrees In the direction of they-axis. Here we see 
that a max error of 0.15 meter occur within the range of ±1 meter. If we look at 
the range of ±0.5 meter this is reduced to 0.04 meter (Figure 15). At a lateral 
distance of 0 meter we still have an error of 0.01 meter 
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Figure 15. Simulated position and error If we tilt the sensor 5 degrees 
In the direction of the y-axls with a distance between the sensors of 0.2m. 

If we increase the distance between the two sensors we see that this has no 
effect on the error (Figure 16). If we compare this with the method using only 
one sensor we see that the method of combining two sensors has no advantage 
(see Figure 17). 
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Figure 16. Simulated position and error If we tilt the sensor 5 degrees 
in the direction of the y-axls with a distance between the sensors of 0.4m. 
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Figure 17. Simulated position and error If using only one sensor 
tilted 5 degrees In the direction of the y-axls with a longitudinal distance of 0.2m. 

We have seen that combining the two sensors, the slant of the magnet in the 
direction of the x-axis is completely cancelled out, but the slant of the magnet in 
the direction y-axis is not. Furthermore, combining the sensors does not result in 
a smaller measurement error. Placing the two sensors further apart has a positive 
effect on our measurements, but we have to be careful. By increasing the 
distance between the sensors, the measured magnetic field decreases. In this 
case the influence of the interference of the magnetic field and the resolution of 
the AD converter both increase. 
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2.3.c Rotation of the sensors 

Rotations of the sensors occur when the sensors are not precisely placed or when 
the sensitive elements of the sensors are not exactly aligned with the sensor 
case. To see what kind of effect this has on our measurement we tested this. The 
sensors are placed inside a 20-dip IC holder. According to the specification of the 
sensor (see Appendix D) the dimension of the sensor can vary with a max of 1 
mm. The sensors are placed with 20 pins inside the IC holder. These pins can 
vary in place by 0.26 mm. The max angel the sensor can be misaligned inside the 

holder is atn( 0
·
26

) = 0.5° 
25.91 

The sensor dimensions can also vary in length and width by 1 mm. So this can 
give a misalignment of 1 degree. 

The max misalignment of the sensitive elements inside the package is 1°. The 
maximum rotation around the z-axis will be 3 degrees. 

We first simulate if one sensor is misplaced and has a rotation of 3 degrees 
around the z-axls (see Figure 18). Here we see that a max error of 0.35 meter. If 
we look at a range of ±0.5 meter we see an error of 0.08 meter. Around a lateral 
distance of 0 meter we have an error of almost 0 meter·. 
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Figure 18. Simulated position and error If we rotate one sensor 3 degrees 
around the z-axis with a distance between the sensors of 0.2m. 

If we increase the distance between the sensors by two, the error is divided by 
two to a max of 0.16 meter in the range of ±1 meter and 0.04 meter at a range 
of ±0.5 meter. Here we see also that at a lateral distance of 0 meter the error 
increased to 0.01 meter. 
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Figure 1.9. Simulated position and error If we rotate one sensor 3 degrees 
around the z-axis with a distance between the sensors of 0.4m. 

If both sensors are rotated around the z-axis in the same direction, we see that 
these errors are canceled out (see Figure 20). But as soon as they are rotated in 
the opposite direction the error is being amplified and the error increases to a 
maximum error of 1.1 meter at a distance of 1 meter and 0.2 meter in the 
distance range of ± 0.5 meter. At a lateral distance of 0 meter the error is almost 
0 meter (see Figure 21). 
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Figure 20. Simulated position and error If we rotate both sensor 3 degrees 
around the z-axis with a distance between the sensors of 0.2m. 
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Figure 21.. Simulated position and error If we rotate one sensor 3 degrees 
and the other -3 degrees around the z-axls with a distance between the sensors of 0.2m. 
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By in creasing the distance between the sensors these errors can be reduced. For 
instanced if we increase the distance to 0.4 meter the error drops to a max of 
0.37 meter in the range of ±1 meter and 0.08 meter In the range of ±0.5 meter 
(see Figure 22). 
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Figure 22. Simulated position and error If we rotate one sensor 3 degrees 
and the other -3 degrees around the z-axls with a distance between the sensors of 0.4m. 

If we compare these results of the combination of the two sensors with the 
method of using only one sensor we see that the method of combining has no 
advantage over the method of combining the two sensors. 
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Figure 23. Simulated posit ion and error If we rotate one sensor 3 degrees 
and the other -3 degrees around the z-axis using only one sensor. 

2.3.d Slant of the sensors 

A problem placing sensors in IC holder is the slant of the sensors. If the sensors 
are not completely pressed inside the IC holder the sensor will be tilted and 
therefore have some effect on our measurements. In order to see what effect the 
slant of the sensors have on our lateral position measurement we tested this. 
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First we tilted one sensor 5 degrees in the direction of they-axis. In Figure 24 we 
see that within the range of ±1 meter the error of our lateral position measuring 
will be increasing to 0.05 meter. In the range of ±0.5 meter this error has a max 
of 0.05 meter. We also see that at a lateral position of 0 meter the error is 0.008 
meter. 
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Figure 24. Simulated position and error If one sensor Is tilted by 5 degrees 
In the y-axls direction with between the sensors a distance of 0.2 meter. 

By increasing the distance between the two sensors we see in Figure 25 that this 
as almost no effect on the performance of our measuring method. 
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Figure 25. Simulated position and error If one sensor Is tilted by 5 degrees 
in the y-axis direction with between the sensors a distance of 0.4 meter. 

By tilting both sensors we see in Figure 26 that the error increases to a max of 
0.09 meter in the lateral position range of ±1 meter and 0.017 meter at a lateral 
position of 0 meter. 
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Figure 26. Simulated position and error If both sensors are tilted by 5 degrees 
in the y-axis direction with between the sensors a distance of 0.2 meter. 

By tilting the two sensors in opposite direction the error is being reduced to a 
max of 0.01 meter. Here we see that the error in the range between 0.5 and 1 
meter is mainly caused by the effect of the AD converter (see Figure 27). 
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Figure 27. Simulated position and error If one sensor Is tilted by 5 degrees and 
the other -5 degrees In the y-axis direction' with between the sensors a distance of 0.2 meter. 

If we tilt one sensor 5 degrees in the direction of the x-axis we see that in the 
range of ±0.5 meter the error is small, 0.03 meter, but beyond this range the 
error rapped increases to a max of 0.7 meter at a lateral position of 1 meter (see 
Figure 28). 
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Figure 28. Simulated position and error If one sensor Is tilted by 5 degrees 
in the x-axls direction with between the sensors a distance of 0.2 meter. 
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If both sensors are tilted in the same direction we see that the ·error is being 
canceled out by combining the two sensors (see Figure 29). 

Tilting the sensors in opposite direction will increase the error to a max of 4 
meter. In the lateral position range of ±0.5 meter the error has a max of 0.05 
meter (see Figure 30). 

As you can see in Figure 31, increasing the distance between the two sensors has 
a positive effect on the position measurement. 
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Figure 29. Simulated position and error If both sensors are tilted by 5 degrees 
In the x-axis direction with between the sensors a distance of 0.2 meter. 
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Figure 30. Simulated position and error If one sensor Is tilted by 5 degrees and 
the other -5 degrees in the x-axls direction with between the sensors a distance of 0.2 meter. 
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Figure 31. Simulated position and error If one sensor Is tilted by 5 degrees and 
the other -5 degrees In the x-axls direction with between the sensors a distance of 0.4 meter. 

2.3.e Displacement of the sensors 

Another problem with the alignment of the sensors is the position of the sensors. 
As we have seen, in chapter 2.3.c, the dimensions of the sensor can vary in 
length and width by 1 mm and so the position of the sensor. The specifications of 
the sensor do not say where the sensitive elements of the sensors are placed 
inside the sensor housing. But this has no influences on our measurement 
because the positions of these elements in both sensors are the same. To see 
what influence a misalignment in position of the sensor has on our measurements 
we have simulated this. In Figure 32 we see that a misalignment of one sensor by 
5 mm meter in the x-axis direction. 
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Figure 32. Simulated position and error If one sensor is misaligned by 0.005 meter 
in the x-axls direction with between the sensors a distance of Oo2 meter. 

Increasing the distance between the two sensors has no effect on the error as 
you can see in Figure 33. 
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Figure 33. Simulated position and error If one sensor Is misaligned by 0.005 meter 
In the x-axls direction with between the sensors a distance of 0.4 meter. 

Displacement of the sensors in the y-axis direction has no such effect. This can be 
compared with the rotating of the whole coach. The error in the position will 
always be smaller than the misalignment it self. 
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Conclusion: 

As we can see in the table we see that combining the sensors has a better result 
that the method of only using one sensor. The slant of the magnet in the x
direction is completely eliminated. By a misalignment of the sensors the error 
measured in the lateral positioning using the combination of two sensors Is 
smaller or equal than the lateral positioning measured by one sensor. 
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2.3.f Materials with permeability Pr '# 1 

Materials, that are in the neighborhood of the magnet and the sensors, with 
permeability Pr '# 1 have a negative affect on measurement system. The 
permeability is the resistance for a magnetic field to past through the material. 
For air, aluminium, copper this permeability Pr = 1 but for other materials like 

iron it is not. Due to these materials, with permeability Pr '# 1, our definition of 
the magnetic field generated by one magnetic circle symmetric bar is not correct. 
Iron for instance can be compared to a short circuit (see Figure 34) and deform 
the magnetic field. 

Figure 34. Effect on the magnetic field by an Iron bar. 

To see what effect these deformations have on our lateral position measurement 
we placed an iron bar and an iron plate, at several places, and ran some 
measurements. It is almost impossible to calculate these effects due to the fact 
that we don't know the shape, permeability and the position of the materials in 
the coach and on the road. 

We placed the iron bar and the iron plate on several locations. The position and 
orientation of the materials (see Figure 35) are: 

Location Position centre of the Iron Orientation Material 

Xw-axis Yw-Axis Zw-Axiz 
[em] [em] [em] 

1 0 0 -2 Xw-axis Iron plate 60*64 em 

2 -17.5 0 0 Yw-axis Iron bar with a length of 150 em 

3 0 13 0 Xw-axis Iron bar with a length of 150 em 

4 0 0 9 Yw-axis Iron bar with a lellQth of 150 em 

5 0 0 23 Yw-axis Iron bar with a lenath of 150 em 

6 0 0 36 Yw-axis Iron bar with a length of 150 em 

7 0 25 28 Xw-axis Iron bar with a lellQth of 60 em 

8 10 0 28 Yw-axis Iron bar with a length of 60 em 
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These measurements are done after we have calibrated the sensors and for 
several disturbances corrections have been made. How these calibrations and 
correction are made is explained further on in this report (chapter 3.1, chapter 
3.4). 

~ ·_.:: ( -,. ._ ' · ' , ~~ ''1 • • • ~ J ' Pos6 

Figure 35. OvetView where the iron bar/plate Is placed during our measurements. 

Position 1: 

In Figure 36 we see the result of our measurement white an iron plat placed 2 em 
under the magnetic sensors. 
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Figure 36. Error at the lateral position caused by an Iron plate 2 em under the sensors. 
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In these graphs there are four lines. The lines dark blue and purple represent the 
error we measure with only one of the sensors. The yellow line in represents the 
error if we use the position measured . by each sensor and calculate the mean 
value of these positions. The red line represents the error if we use the method of 
combining the measurements of the two sensors. 

Here we see that the mean and the combination of the two sensors almost have 
the same error. Due to the metal plate we measure an error of max 4 em at a 
range of 50 em. If we compare this wit the measurements without iron in the 
near vicinity (see chapter 3.4), we see that this is not so bad. 

Position 2: 

If we pace an iron bar in front of the sensors we see that this has a negative 
effect on the position measurement (see Figure 37). 
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Figure 37. Error at the lateral position caused by an Iron bar 17 em in front of the sensors. 

Beyond a lateral distance of 30 em we see that the error increases rapidly. Here 
again we see that the error of the combinations of the sensors and the mean of 
the sensors are almost the same. 

Position 3: 

If the iron bar is placed next to the sensors in the direction of the x-axis we see 
that the error becomes even worse. Here we can see (Figure 38) that the 
distortion of the magnetic field in the y-axis direction has more effect on our 
measurement then the distortion in the x-axis direction. 
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Figure 38. Error at the lateral position caused by an Iron bar 13'cm next to the sensors. 

Position 4, 5 en 6: 

·~ 

X.. 
\ 
\. 

If we place the iron bar beneath the sensors at a distance of 9 em, we see that he 
this has the same effect as with position 2. Beyond 30 em the error increases 
rapidly (see Figure 39). 

As we can see in see Figure 40, the effect of the iron bar placed 23 em under the 
sensors drop rapidly. At a distance of 36 em the effect is almost nil (see Figure 
41). 
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Figure 39. Error at the lateral position caused by an Iron bar 9 em under the sensors. 
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Figure 40. Error at the lateral position caused by an Iron bar 23 em under the sensors. 

Latera! Position rv'!easurement using magnetic sensors 

-+-Error A 
..... Error e 
---..-- Error Mean 
~Error Combi 

-+-Error A 
..... Errore 
--.-Error Mean 
--Error Combi 

page: 29 



15,0 
14,0 
13,0 
12,0 
11,00 
10,0 

0 
0 
0 
0 

0 

0 

0 
0 
0 
0 .......--.. - ........._ 

......... .....--
--- ............. A( 

9,00 
8,0 
7,00 
6,0 
5,0 
4,0 
3,0 
2,00 

E' 1,0 t 0,00 
.n -1.o 

0 
... ------ .....-:: -+-Error A 
...... ~--- ~ ---ErrorB 

... /' ' -a.- Error Mean 0 
-2,0 ...... ~ .... ~~ .__<f "'f .. ~ "~~- "f "~~ .. ~v "~ ... ~ "~~ .,<y ~""2" >.'f' ~"'f' ~"""!' -"'<[ ..h~v .n_'?!' ~Error Cornbi 

7J )" )' ,J r '" '" ' ' " " J J "J 

0 -3,0 
0 -4,0 
0 -5,0 
0 -6,0 
0 -7,0 
0 -8,0 

-9,0 0 
0 -10,0 
0 -11,0 
0 -12,0 

-13,00 
0 -14,0 
0 -15,0 

Lateral posltlon[cm) 

Figure 41. Error at the lateral position caused by an Iron bar 36 em under the sensors. 

AI the previous tests give us an idea what kind of influence iron has inside the 
coach. We see that a metal plate does not have a large influence. The iron bar in 
they-axis direction has a very negative influence on our measurements as well as 
the iron bar placed in position 4. As soon as the iron bar is dropped to a distance 
of 23 em the effect is minimal. With these tests we liked to know what the 
influence is of iron constructions inside the coach. To make this test realistic we 
calibrated the measurement system with the iron bar at different positions before 
we made our measurements. 

Position 7&8: 

For metal that is thrown at the road we cannot calibrated/compensate for this. In 
0 we see the effect of an iron placed on the road in the direction of the x-axis. We 
see that at the lateral position of 25 em and beyond, the position measurement is 
useless. At Figure 43 we see the effect of an iron bar placed in front of the 
sensors on the road. We see that the iron bar has almost no effect on the position 
measurement. 

As we have seen in the previous figures the shape, alignment and orientation 
have serious effects on our measurement. If the material is flat, placed In the 
same x-, y-axis· plane as the sensors and symmetrical aligned to the sensor, the 
effects are minimal, if the material is not placed and formed like this we see that 
the effects are more serious. 
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Figure 42. Error at the lateral position caused by an iron bar placed on the road 
at a lateral distance of 25 em. 
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Figure 43. Error at the lateral position caused by an iron bar placed on the road 
at a distance of 10 em in front of the sensors. 
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Conclusion: 

As we can see in the graphs every piece of material with a permeability J.lr*l has a 
negative effect on the lateral positioning measurement. This effect decreases if 
the distance between the material and the sensor increases. As shown In the 
graphs also the shape and orientation of the material has also a large effect on 
the lateral position measurement. The worst-case situation is when the material 
is not symmetrically aligned with the sensors like position 2, 3 where a bar of iron 
is placed next to the sensors. Due to this the range of the measurement and the 
accuracy deteriorates. A metal plate under the sensors at a distance of 2 em has 
almost no effect; an iron bar at a distance of 9 em under the sensors on the other 
hand has significant effect on the range and accuracy of the measurement. This 
has to do with the shape of the material. If the surface of the material is not flat 
but curved, the magnetic field is deformed like a distorting mirror deforms a 
picture. If the material is flat the magnetic field is only being weakened. 
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Chapter 3. Magnetic sensors 

There are several magnetic sensors using different effects to measure the 
magnetic fields. In our case we need a sensor that measures the magnetic field in 
two directions, in the x-axis and the y-axis directions. 

It has to be very sensitive to the magnetic field, because the magnetic fields of 
the magnet are very small. Due to the very small fields it is necessary that the 
sensor does not produce too much noise. 

It is very important that de sensor has no hysteresis. So if the sensors are 
exposed to a large magnetic field it has only a temperately effect and after the 
source is gone the sensors operate normally. 

The sensors are being placed under the coach between the wheels. Therefore the 
sensors are expose to vibrations, temperature changes and dirt. So the sensors 
have to be able to withstand this or have to be able to compensate for it. 

3.l. Magneto resistive sensor 

We have chosen to use the sensor MHC2003 of Honeywell. All the components of 
this sensor are solid state so there is no problem with vibrations. It accurately 
measure fields from 40 micro-gauss to ± 2 gauss at lV/gauss, it has a low noise 
instrumentation amplifiers with 1kHz low pass filters. The sensor has no flux 
concentrators in it so this cannot lead to hysteresis and non-repeatability. Due to 
it's own internal reference of +2.5 Volt the measurement accuracy and stability 
are improved. An on-board excitation current source reduces temperature errors 
and regulates the power supply input. 

Metal Contact 
Cum:nt / 

=:c4''---':a::!:iiiiiiiii.., .. .....il@~ -
- ' ./ ./ ./ Permalloy Thin 

Film 
(NiFe) 

Aw!led F181d 

Figure44. 

[14]An isotropic Magneto Resistance (AMR) occurs in ferrous materials. It is a 
change in resistance when a magnetic field is applied perpendicular to the current 
flow in a thin strip of ferrous material (Figure 44). The transducer is in the form of 
a Wheatstone bridge (Figure 45). The resistance, R, of all four-magneto resistors 
is the same. The bridge supply, Vb, causes current to flow through the resistors. A 
crossed applied field, H, causes the magnetization in two of the oppositely placed 
resistors to rotate towards the current, resulting in an increase in the resistance, 
R. In the remaining two oppositely placed resistors magnetization rotates away 
from the current resulting in a decrease in resistance, R. In the linear range the 
output becomes proportional to applied field AV=S H Vb. The range of linearity of 
the transfer function is inversely proportional to the sensitivity. For Honeywell's 
MR sensor the sensitivity is typically 3 mV/Gauss and the range of linearity is 
within 2 Gauss. 

Figure45. 
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The magneto resistive sensing elements (Figure 46) are made of NiFe thin films 
deposited onto a silicon substrate forming a Wheatstone resistor bridge. In 
addition to the bridge circuit, the transducer has two on-chip magnetically 
coupled straps - the OFFSET strap and the Set/Reset strap. These straps are 
patented by Honeywell and eliminate the need for external coils around the 
devices. 

Magnetic field sensing bridge Aluminum offsetting field strap 

• Magnetic thin film 

nickel-iron (permalloy) 

• 4-legged Wheatstone bridge 

• Self-biasing 

(barber pole pattern) 

Figure46. 

• Compensation for ambient 

magnetic f~elds 

• Calibration 

• Closed loop operation 

Aluminum set/reset strap 

• Resetafterupsetfield 

• Polarity set 

The OFFSET strap allows for several modes of operation when a de current is 
driven through it. 

• An unwanted magnetic field can be subtracted out 

• The bridge offset can be set to zero 

• The bridge output can drive the OFFSET strap to cancel out the field being 
measured in a closed loop configuration 

• The bridge gain can be auto-calibrated in the system on command. 

The Set/Reset (S/R) strap can be pulsed with a high current to: 

• Force the sensor to operate in the high sensitivity mode 

• Flip the polarity of the output response curve 

• Be cycled during normal operation to improve linearity and reduce cross-
axis effects and temperature effects. 

The output response curves shown in Figure 47 illustrate the effects of the S/R 
pulse. When a SET current pulse (Iset) is driven into the SR+ pin, the output 
response follows the curve with the positive slope. When a RESET current pulse 
(!reset) is driven into the SR- pin, the output response follows the curve with the 
negative slope. These curves are mirror images about the origin except for two 
offset effects. 
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Figure47. Output Voltage vs. Applied Magnetic Field 

In the vertical direction, the bridge offset for these curves Is around -25mV. This 
Is due to the resistor mismatch during the manufacture process. This offset can 
be trimmed to zero by one of several techniques. The most straightforward 
technique is to add a shunt (parallel) resistor across one leg of the bridge to force 
both outputs to the same voltage. This must be done in a zero magnetic field 
environment, usually in a zero gauss chamber. 

The offset of Figure 47 in the horizontal direction is referred to here as the 
external offset. This may be due to a nearby object with permeability not equal to 
that of air or an unwanted magnetic field that is interfering with the applied field 
being measured. A DC current in the OFFSET strap can adjust this offset to zero. 
Other methods such as shielding the unwanted field can also be used to zero the 
external offset. It is important to note that the output response curves due to the 
SET and RESET pulses are reflected about these two offsets. 

3.1.a Set/Reset strap 

Most low field magnetic sensors will be affected by large magnetic disturbing 
fields (>4 gauss) that may lead to output signal degradation. In order to reduce 
this effect, and maximize the signal output, a magnetic switching technique can 
be applied to the MR bridge that eliminates the effect of past magnetic history. 
The purpose of the Set/ Reset (S/R) strap is to restore the MR sensor to its high 
sensitivity state for measuring magnetic fields. This is done by pulsing a large 
current through the S/R strap. The Set/ Reset (S/R) strap looks like a nominal 1.6 
ohm resistance between the SR+ and SR- pins. This strap differs from the 
OFFSET strap in that it is magnetically coupled to the MR sensor in the cross-axis, 
or insensitive, direction. Once the sensor is set (or reset), low noise and high 
sensitivity field measurement can occur. In the discussion that follows, the term 
"set" refers to either a set or reset current. · 

There are many ways to design the set/reset pulsing circuit, though ; budgets and 
ultimate field resolution will determine which approach will be best for a given 
application. A simple set/reset can be found in Honeywell's application note AN-
201. 
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The on-chip S/R should be pulsed at a nominal 3.5 Amps to realign, or "flip", the 
magnetic domains in the transducer. This effect is illustrated in Figure 47. This 
pulse can be as short as two microseconds and on average consumes less than ·1 
rnA DC when pulsing continuously. The duty cycle can be selected for a 2 JlSec 
pulse every 50 msec, or longer, to conserve power. The only requirement is that 
each pulse only drives in one direction. That is, if a +3.5 amp pulse is used to 
"set" the sensor, the pulse decay should not drop below zero current. Any 
undershoot of the current pulse will tend to , "un-set" the sensor and the 
sensitivity will not be optimum. 

Using the S/R strap, many effects can be eliminated or reduced that include: 
temperature drift, non-linearity errors, cross-axis effects, and loss of signal 
output due to the presence of a high magnetic fields. This can be accomplished by 
the following process: 

• A current pulse, Iset, can be driven from the S/R+ to the S/R- pins to 
perform a "SET" condition. The bridge output can then be measured and 
stored as Vout(set). 

• Another pulse of equal and opposite current should be driven through the 
S/R pins to perform a "RESET" condition. The bridge output can then be 
measured and stored as Vout (reset). 

• The bridge output, Vout, can be expressed as: Vout = [Vout(set) -
Vout(reset)]/2. This technique cancels out offset and temperature effects 
introduced by the electronics as well as the bridge temperature drift. 

The magnitude of the S/R current pulse depends on the magnetic noise sensitivity 
of the application. If the minimum detectable field for a given application is 
roughly 500 J.Lgauss, then a 2.5 amp pulse (min) is adequate. · If the minimum 
detectable field is less than 100 Jlgauss, then a 3.5 amp pulse (min) is required. 
The circuit that generates the S/R pulse should be located close to the MR sensor 
and have good power and ground connections. 

3.1 .b Offset strap 

Any ambient magnetic field can be cancelled by driving a defined current through 
the OFFSET strap. This is useful for eliminating the effects of stray hard iron 
distortion of the earth's magnetic field. For example, reducing the effects of a car 
body on the earth's magnetic field in an automotive compass application. If the 
MR sensor has a fixed position within the automobile, the effect of the car on the 
earth's magnetic field can be approximated as a shift, or offset, in this field. If 
this shift in the earth's field can be determined, then it can be compensated for 
by applying an equal and opposite field using the OFFSET strap. Another use for 
the OFFSET strap would be to drive a current through the strap that will exactly 
cancel out the field being measured. This is called a closed loop configuration 
where the current feedback signal is a direct measure of the applied field. 

The field-offset strap (OFFSET+ and OFFSET-) will generate a magnetic field In 
the same direction as the applied field being measured. This strap provides a 1 
gauss field per 50 rnA of current through it. That is, if 25 rnA were driven from 
the OFFSET+ pin to .the OFFSET- pin, a field of 0.5 gauss would be added to any 
ambient field being measured. Also, a current of -25 rnA would subtract 0.5 gauss 
from the ambient field. The OFFSET strap looks like as a nominal 2.5ohm 
resistance between the OFFSET+ and OFFSET- pins. 
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The OFFSET strap can be used as a feedback element In a closed loop circuit. 
Using the OFFSET strap in a current feedback loop can produce desirable results 
for measuring magnetic fields. To do this, connect the output of the bridge 
amplifier to a current source that drives the OFFSET strap. Using high gain and 
negative feedback in the loop, this will drive the MR bridge output to zero, 
(OUT+) = (OUT-). This method gives extremely good linearity and temperature 
characteristics. The idea here is to always operate the MR Bridge in the balanced 
resistance mode. That is, no matter what magnetic field is being measured, the 
current through the OFFSET strap will cancel it out. The bridge always "sees" a 
zero field condition. The resultant current used to cancel the applied field is a 
direct measure of that field strength and can be translated into the field value. 

The OFFSET strap can also be used to auto-calibrate the MR Bridge while in the 
application during normal operation. This iS useful for occasionally checking the 
bridge gain for that axis or to make adjustments over a large temperature swing. 
This can be done during power-up or anytime during normal operation. The 
concept is simple; take two points along a line and determine the slope of that 
line - the gain. When the bridge is measuring a steady applied magnetic field the 
output will remain constant. Record the reading for the steady field and call it Hl. 
Now apply a known current through the OFFSET strap and record that reading as 
H2. The current through the OFFSET strap will cause a change in field the MR 
sensor measures - call' that the delta applied field (.1Ha). The MR sensor gain Is 
then computed as: 

MRgain = (H2-Hl) /AHa 

There are many other uses for the OFFSET strap than those described here. The 
key point is that ambient field and the OFFSET field simply add to one another 
and are measured by the MR sensor as a single field. 

3.1.c Sensor disturbances 

As we can see in the specifications (Appendix D), there are several deviation in 
the parameters that have influence on our measurements, like: the orientation of 
the axis inside the sensor, the point where the magnetic field is being measured, 
deviation in the amplification and sensitivity of the sensor. For all these thinks we 
developed a method to measure these deviations as will be explained in the next 
part of this report. 

By using "flipping" can eliminate temperature effect, output offset and non
linearity. As is explained in the previous part of this report. 

3.2. Sensor calibration 

In order to determine the position of the magnet accurately we need to know the 
following things: 

• Orientation of the sensors 

• Position of the sensors 

• Orientation of the axis inside the sensors 

• Magnetic offset in the sensors per axis 

• Deviation of the amplification per axis 
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To measure these specifications we developed two methods. With the first 
method we rotated the sensor around its z-axis. By doing that we measure two 
sinus shaped signals, the magnetic field over the x-axis and the y-axls, with a 
phase shift of approximately 90 degrees. The magnetic field is either the earth 
magnetic field or a self-generated magnetic field. By doing this we are able to 
measure the 8, deviation In amplification and the magnetic offset. 

The second method uses several wires that are placed on a printed circuit board. 
The sensors are also placed on this board. By applying a current trough one of 
these wires a magnetic field will be generated. By measuring these magnetic 
fields we are able to determine the position of the sensor in relation to the wires, 
the orientation of the sensors as well as the orientation of the axis inside the 
sensors. 

3.2.a First method 

With this first method we can measure: 

• Orientation of the axis inside the sensors 

• Magnetic offset in the sensors per axis 

• Deviation of the amplification per axis 

According to the specifications of the sensor they-axis has a 90-degree angle ±1 
degree in relation to the x-axis. 

If we rotate the sensor over it's own z-axis we will measure the earth's magnetic 
field over the x- and the y-axis with a phase shift of 90 degrees ± 1 degree. This 
is shown in Figure 48. 

Figure 48. Magnetic fields measured In the direction of the x- and y-axls by the sensor. 

To measure the offset we take the 

Offset A = A_ top+ A_ bottom 
2 

Offset 
8 

= B _top+ B _bottom 
2 
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After we have added the offset to the signal we can calculate the deviations in the 
amplification of the magnetic field. 

D 
. . (A top+ Offset J 

evzatwn = -+---=--=--....::::....---'~ 
(B _top+ Offset 8 ) 

We can make the signal of an equal level by · multiplying signal B with the 
Deviation. 

To measure the phase shift we only have to measure the angle between the two 
points where the signals cross the zero. The phase shift will be 90 degrees ± t5 
Axis deviation. This is shown Figure 49. 

Figure 49. Measuring of the phase shift. 

3.2.b Second method 

The second method involves the use of a straight wire conducting a current 
placed under the sensor. The magnetic field produced by such a wire Is directed 
at right angles to this wire (see Figure 50) and can by calculated as follows: 

a 

a,., 

Figure 50. Overflew of the wire and the sensor combined 
with the magnetic field that the wire produces. 

The magnetic field generated by the current 11 trough a wire is 

B= Po ·/1 
2·tr·r 
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Because the axes of the sensor are not in the same alignment as the wire the 
magnetic field is rotated: 

B:d = B1 • cos(a1) 

B'yi = B1 • sin(aJ 

B 
- B'yi 

1-
y cos8 

I 2 o2 I 2 2 2 
B1 =-..;Bx1 +By1 =vBx1 +BY1 ·cos 8 

cos{a }= Bxi 
I I 2 2 2 

"'JBx1 +By1 ·COS 8 

. ( ) BY1 • cos{8) 
sma1 =-r========~===== 

~BY/· cos{8Y + Bx1
2 

All the variables are explained in Figure 50. 

If we add a second wire at a right angle to the first wire and apply a the same 
current trough it the we get: 

Bx2 = -B2 ·sin{a2 } 

B~2 = B2 ·cos{a2 } 

By2 
B 2 =-~7 

Y cos{8) 

B2 =~Bx/ +B~/ =~Bx/ +BY/ ·cos
2
{8) 

sin{a } = - Bx2 
2 

~Bx/ +BY/ ·cos2{8} 

( ) 
By2 ·cos{8) 

cos a2 = -r================= 
~Bx/ +BY/ ·cos{8Y 

All the variables are explained in Figure 50. 

Because the two wires are at an exact right angle, the angle a1 and a2 will be the 
same. By combining the two formulas we can calculate a and o. 
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Suppose: 

A= Bx/ 

B= Bv12 

C= COS
2o 

D= Bx/ 

E= By/ 

A D 
This gives: + =1 

A+B·C D+E·C 

Here we see there are four solutions, two of these solutions give us the right 
angle, and the other to gives us the same angle only +90 degrees. 

If we know othen we can calculate a: 

Again we see here four solutions, AI these solution give us the right angle accept 
the one with "arccos" in it. Because we need the sign of the angle we cannot use 
these. The two remaining are both correct but as we may see further on it Is 
better that we use 

With this method we are also able to measure the position of the sensor. By 
applying a current through the wires 13 and !4 (see Figure 51) we are able to 
generate magnetic fields with a right angle to the wires. 
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1.5cm-~ 

Figure 51.. Overview of the sensors placed on the PCB with the wires and there magnetic nelds. 

The magnetic fields that are generated by a wire can be approximated with: 

This formula is only valid if the wire has an infinite length, homogeneous and straight. 

If we send a current through the wires h or 14 the sensor would measure 8x1 and 
8x2 (see Figure 51). The magnetic fields, generated by the wires, are 8 1 and 82. 
In order to calculate the distance between the wires and the sensor we need to 
calculate the 8 1 and 8 2 • To calculate these we need to know the angles of the 
magnetic fields a and f3. 

a = atan(_!!_), p = atan( H ) 
2+~ 1.5-~ 

Ll is the deviation of the position of the sensor. 

With these angles we can calculate 8 1 and 8 2 

B Bxt B Bx2 
1 = sin(a )' 2 = sin{p) 

Using these fields we get an expression for hand 14 : 

'i =~(2+~Y +H2 ,r2 =~(1.5-~f +H2 

~ ·Z·tr·~(z+~r +H2 
B2 ·2·tr·~(t.5-~r +H2 

13 = '14 = --=----':.....:....--....;.._--
Po Po 

Lateral Position Measurement using magnetic sensors page: 42 



If we apply the same current I; trough 14 then these expressions should be the 
same and we can calculate the L1 

B1 ·2·1t·~(2+~J +H2 B2 · 2·$·~(1.5-~J +H2 

Po Po 

B1 ·~(2+8J +H2 =B2 ·)(2+8} +H2 

~ =.!_.1-16·~2 -12·Bi +4·~49·~2 ·Bi -4 ·H 2 ·~4 +8·H2 ·~2 ·Bi -4·Bi ·H2 

t 8 B2-B2 
1 2 

~ =.!_.1-16·B1
2 -12·Bi -4·~49·B12 ·Bi -4·H2 ·B1

4 +8·H2 ·B1
2 ·Bi 7"" 4·Bi ·H2 

2 
8 ~2 -Bi 

Here we see that we have two possible solutions. Only ..11 does not fit between the 
two wires because it is larger than 3,5 em so ..12 has the correct position of the 
sensor in the x-axis direction. 

But there is a problem, to calculate the angle of the magnetic field we used ..1. L1 is 
the desired variable we want to calculate and is at that moment unknown. To 
calculate L1 we need to use a recursive method. 

If we apply the same method only in they-axis direction we are able to measure 
the position of the sensor exactly. 

In Figure 52 we see the printed circuit board where the two sensors can be 
mounted. Placing the sensors in the different IC holders can change the distance 
between the sensors. On this board we also printed the wires. By doing this we 
are sure that these wires are straight and homogeneous. And also make sure that 
the crossed wires have a straight angle of 90 degrees. 
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Figure 52. Printed circuit board with the sensors and wires. 

3.3. Simulation 

Suppose the sensor is placed as follows: 

• The sensor is rotated around the z-axis with a=3° 

• TheY-axis is rotated an extra c5=0.5° around the Z-axis 

• The sensor is placed straight above the wire at a distance of r=O.Scm 

• The current through the wire is I=lAmpere. 

This will generate the following magnetic field: 

~ .J 4·1l'·10-7 ·1 
B1 = 0 = 

2 
= 4 ·10-s at an angle of 0° in relation to the x-axis 

2 · 1l' • r 2 ·1l' • 0.5 ·10-

J.I, ·I 4 ·1l' ·10-7 ·1 
B2 = 0 = 

2 
= 4 ·10-s at an angle of 90° in relation to they-axis 

2 ·Jl'. r 2 ·Jl'. 0.5 ·1 o-
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Bx1 = B1 • cos(3) = 3.9945 ·10-s 

B~1 = ~ · sin(3) 

B I = Bl. sin(3) = 3.9947 ·10-s 
Y cos(0.5) 

Bx2 = -B2 • sin(3) = -2.0934 ·10-{j 

B~2 = B2 • cos(3) 

B = Bz ·cos(3) = 2.0935 ·10-6 

yz cos(0.5) 

The sensor will measure these values, Bx1, By1 1 Bx2 and By2· 

If the sensors are not properly mounted on the PCB the sensors can be tilted 
along the x-axis and the y-axis. 

When the sensor is rotated around the y-axis for 2° we will measure: 
Bx1 = cos(2) · B1 • cos(3) = 3.9921·10-s 

Bx2 = cos(2) · B2 • sin(3) = -2.0922 ·1 o-6 

With these magnetic fields we calculate a and 8: 

b=arccos(~Bxl·Byl ·Bxz ·Byz J=2.0615o 
Byl ·Byz 

a= arcsin[~ 2 B;2 

2 
J = 3.0000° 

Bx2 + By2 ·COS (8) 

Here we see that rotating over the y-axis immediate results in an error in the 
determination of o. To get a better idea what an effect a slant of the sensor has 
on the calculation of o and what kind of influence an error on o has on the 
determination of a we ran some simulations. 

In Figure 53 we see the influence of slant from the sensor. As we can see in this 
figure, the error in o is directly related to the slant of the magnet. Because we are 
unable to measure the slant accurately we are also unable to determine o using 
this method. In order to see what influence an error in o has on the determination 
of a we have to look at Figure 54. Here we see that the effect to an error in o is 
minimal and therefore we can state that o=O. 
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Figure 53. Effect of a tilted sensor on the determination of 0. 
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Figure 54. Effect of an error In 6 on the determination of a 

Then we need to know what effect the slant of the sensors has on the 
determination of a. In Figure 55 we see that the effect is minimal. 

Error in .Hphl• 1 tnul d sl..-i by thl ...- fNphl• 3 dlurwt. Drlfltl• 0 ..... ) 

I 
i .. 
! 

Flguress. Effect of slant by the sensor on the determination of a 

Lateral Position Measurement using magnetic sensors page: 46 



3.4. Measurements 

3.4.a Measurement of o 
The difficulty with this method was to cancel the environment noise out of our 
signal without interfering with the measurement of the rotation. In this method 
we measure the earth magnetic field. This field is not so strong so a magnetic 
field of a computer monitor, power lines, etc has a very large effect on the 
measurement method. To cancel out all these effect we placed a magnet coil next 
to the sensor and applied a current of O.SA at a frequency of 700 Hz. We made 
some measurement of these interferences and choose this frequency because at 
that frequency the environmental disturbances are low. 

By filtering out every frequency except 700 Hz we were able to measure a. To be 
able to detect the deviation in the angel between the x- and y-axis we need to 
measure the magnetic field in relation to the angle of the sensor. This is done by 
an optical encoder with a resolution of 5000 pulses at one rotation. In Figure 56 
we see the measured magnetic field in relation to the angle of the sensor. This 
figure does not look like that described in section 3.2.a. To filter out the magnetic 
field at the frequency of 700 Hz we need to generate a spectrum of the measured 
signal. We did this by using an FFT, after that we can determine the magnetic 
field by measuring the absolute value of the spectrum at 700 Hz. Because we 
need to take the absolute value we get the figure shown below. 

a ~~~~~~~~~~~~~~7>~~~~~~~~~~~~--~~ 

7 

:s! 5 +:-.~~7"7~ 
CD 
I;: 
u i 4 +-''-1#:'~~~.,:, 
c . 
Cll 

~ 3~~~~~~~~~~~~~----~~~-n~~~-nr-~~~~~~ 

0 
co ll) N 0) 

~ 
(') 0 ...... ..... .... co ll) N 0) 8 (') 0 ...... ;:1; .... co ll) ~ 0) 10 (') 

co ...... 10 ~ N c;; 0) co ...... ll) ..... (') .... 0) co 10 ~ N .... co ...... 10 
(') ll) 0) .... ..... 10 co 0 N ..... 10 co 0) .... (') ll) 0) .... (') 

~ 10 co .... .... .... .... N N N N N N (') (') (') (') (') ..... ..... ..... ..... 
angle(5000/360 graden) 

Figure 56. Measures magnetic field in respect to the rotation of the sensors (5000= 360 degrees). 

When fitted an abs(sin(x)) and an abs(sin(x+90+8)) on this signal we see that 
the 8=0.85 degrees. This is well below the specifications so we don't have to 
compensate for this variable. As we have seen in the simulations it is not possible 
to measure o using the second method. 
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3.4.b Measurement of a 

Because of the disturbances in the magnetic field generated by power lines, 
computers, monitors etc. we again, just like the measurement of o, applied an 
alternating current of 0.8SA trough I1 and I2 with a frequency of 700 Hz. After 
we have measured the magnetic fields we use a FFT to determine the amplitude 
at 700 Hz. After that we can calculate a. 

In Figure 57 we see a screen print where the measured magnetic fields and their 
spectra are shown, as well as the result of a and the position of the sensors. 

£Xsensora=0.002142 rad=0,12° 

£Xsensorb=0.012036 rad=0,68° 

AXsensor a=0.28 em 

L1Ysensor a=0.22 em 

L1Xsensorb=0.22 em 

L1Ysensor a=0.18 em 

Measured a 

Figure 57. Measurement program for a 

3.4.c Lateral position measurement 

Position of 
the sensors 

Spectrum of 
the magnetic 
field 

Measured 
magnetic field 

After measuring the sensor alignment deviations we are able to compensate for 
these. To see what the effect of the calibration has on our measurement system 
we ran some measurements with and without calibrations. In the following table 
the results of these test are shown. We tested also the effect of the calibration 
with slant of the magnet. 

The angle of rotation around the x-axis = 9.05° 

The angle of rotation around they-axis = 8.22° 
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Figure 58. Measurement errors lateral position with the sensors calibrated and without calibration 
using the method of combining the two sensors. 

In Figure 58 we see that calibrating the sensors reduces the error in a flat 
situation and in the situation where the magnet is tilted in the x.,-axis direction. In 
the situation of tilting the magnet in they-axis direction we see that it has almost 
no effect. We also see that on the right side of the graph the error has a sort of 
bump. Because we used only a set pulse for these measurements (see section 
3.1.a) the offset of the sensors are not compensated entirely. If we also measure 
the magnetic fields after a reset pulse we can cancel out the offset of the sensors 
and the error in the lateral position measurement will be reduced to a max of 2 
em. 

Posltton measurement 
using the 
combinations or the 
two sensor5 

I Plot of the IIIIRred 
magnetic tleJds 

calibration parameters 
of sensor 2 

Magnetic field 
measured by one 
sensor 

Figure 59. Screen print of Lateral position measurement program. 
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In Figure 60 we see a similar measurement. Next to the result of combining the 
two sensors as is discussed in Chapter 2, also the result of only using on sensor 
to determine the position of the magnet and the mean of the two positions 
measured by each sensor is shown. As we can see is the use of the combining the 
two sensors the best solution to measure the lateral position of the magnet. 
Again here we see on the right side of the graphs an increased error level. This 
can be reduces by using the "flipping" method for the set en reset of the sensors. 
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Figure 60. Measured lateral position error with the magnet placed under different slants. 
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Conclusion: 

The advantage of the MHC2003 magneto resistive sensors is that it has all the 
necessary components in one package. All of these components are solid state so 
there are no problems with vibrations. The sensor has no flux concentrators so 
there will be no hysteresis. Using the onboard traps we are able to: eliminate 
unwanted magnetic fields, correct the offset, eliminate temperature effects, place 
the sensors in a high sensitivity mode, flip the polarity and reduce cross-axis 
effects. A problem with the sensor is that is not known where exactly the 
magnetic field is being measured inside the package, the orientation of the axis 
inside the sensors, the magnetic offset per axis and the deviation in amplification . 
per axis. In order to make an accurate measurement of the lateral position it is 
necessary that all these thinks be known. To measure these variables we 
developed two methods. 

The first method can be used to determine the orientation of the axis inside the 
sensor and the amplification per axis. In this method we generate an external 
magnetic field. By rotate the sensor 3600° around the z-axis we are able to 
measure the amplification deviation per axis, the offset per axis and the 
orientation of the axis inside the sensor. The problem with this method is that it is 
very sensitive for magnetic disturbances. 

The second method involves in using several straight wires conduction a current. 
These wires are placed on the board where the sensor is placed and by applying a 
current through the wires a magnetic field of known strength and orientation is 
generated. By placing them on the board we know the exact position and 
orientation of the wires so by measuring these magnetic fields by the sensor. We 
are able to calculate the orientation of the axis of the sensor, the position of the 
sensor and the orientation of the sensor. 

After the measurement of these variables we can use them in our lateral 
positioning measurement. By calibrating the sensors we can see in Figure 58 that 
the accuracy is increased. 
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Chapter 4. Filtering and corrections 
At this point we have a working measurement system, with a few restrictions (see 
Chapter 2.3.f), that is able to measure the lateral position of a magnet that is 
situated exactly between the two sensors. In practice this system will not work 
very well due to disturbances in the magnetic fields. One of. these disturbances 
we already discussed, material in the vicinity with permeability not equal to that 
of air and can't not be filtered out, other disturbances we still need to look at 
them. We need to know what kind of disturbances there are, how they are 
generated and how strong they are. To make the system work with these 
disturbances we need to cancel these disturbances by using a filter. To design a 
filter that do so we also need to know what part of the original signal, the 
magnetic field generated by the magnets placed in the road, we need to 
determine the lateral position of the magnet. 

4.l. Desired signal 

To develop a filter that does so we need to know what frequencies of the original 
signals are important to the measurement system and what are not. The signals 
we use to determine the position are Bx and By. Bx is the magnetic field measured 
by the sensor in the direction of the x-axis, By in the direction of the y-axis. 

The frequency spectrum of the original signals depends on the distance between 
the magnets and the velocity of the sensors traveling over the magnets. To 
calculate this in an analytic way is almost impossible and therefore we decided to 
use simulations to generate the frequency spectrum. 

After generating the magnetic fields (see Appendix H for the matlab program), 
that will be measured by the sensor (see Figure 61), we can use an FFT to 
determine the spectrum. It is very important that an integer number of periods fit 
exactly in the measured time, if not, there will occur a signal loss and the 
spectrum will not be correct [18]. 
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Figure 61. Magnetic neids generated by the magnet placed in the road, 
at a lateral distance of 0.1 meter 

The spectrum of these signals is shown in Figure 62. 
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Figure 62. Frequency spectrum of the magnetic fields measured by the sensor 
with a velocity of 10 mi .. 

The spectrum depends on the velocity and the distance between the magnets. 
Here the spectrum is calculated with a velocity of 10 m/5 and a distance between 
the magnets of 4 meter. If we generate this spectrum with a speed of 20 m/s we 
see that it looks the same only the frequency is increased by a factor 2 (see 
Figure 63). The same thing happens if we reduce the distance between the 
magnets to 2 meters. 
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. Figure 63. Frequency spectrom of the magnetic field measured by the sensor 
with a velocity of 20 mls· 

The spectrum of Bx (magnetic field in the direction of the X-axis) can be written 
as: 

8 = Dirac pulls 

v =veloCity [m/5] 

d = the distance between the magnets [m] 

f = frequency [Hz] 

The spectrum of By (magnetic field in the direction of the Y-axis) can be written 
as: 

We see that the spectrum By has a large De-component and Bx not. 
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In order to get an expression what frequencies, in our measured signal, are 
important and what are not, we can look at the surface area under the spectrum. 
If we take the whole frequency range of the spectrum we get a surface area of 
» norm(S(1:5001,1),1) 
ans = 

3.2799e+003 

» norm(S(1:5001,2),1) 
ans = 

3.2143e+003 

5(1:5001,1) =the spectrum of the magnetic field In the x-axis direction. 

5(1:5001,2) = the spectrum of the magnetic field in the y-axls direction. 

The simulated spectrum, we used here is generated at a lateral distance of 10 em 
and a velocity of 25m/5 • This is approximately the max velocity of the coach. 

If we reduce the frequency range of the measured signal to 0-100 Hz instate of 0-
500 Hz we see that the surface area is reduced to: 
» norm(S(1:1001,1),1) 
ans = 

2.9240e+003 

» norm(S(1:1001,2),1) 
ans = 

3.1510e+003 

We see that by reducing the frequency range by a factor of 20%, the power of 
the spectrums for the magnetic field are reduces by: 
10.85% for the x-axis 
1.84% for the y-axis 

We now know that most of the signal is in the low frequency range. If we reduce 
the frequency range to 0-40 Hz we see we that the surface area is reduced to: 
» norm(S(1:401,1),1) 
ans = 

1.9607e+003 

» norm(S(1:401,2),1) 
ans = 

2.5714e+003 

This result in a power loss of: 
32.94% for the x-axis 
18.39% for the y-axis 

Due to these power loss the accuracy of the lateral positioning will be decreased. 
To see how much the accuracy is influenced and what other consequences there 
are for our measuring system we will need to do some tests. This is done in 
section 4.4. 

4.2. Disturbances in the magnetic field 

Earth magnetic field, leading wires, currents trough the chassis of the coach, the 
. electrical engines in the wheels of the coach, power lines, mobile telephones and 
other electronic equipment, generates most of the disturbances. All these 
disturbances are added to the original signal. To know the effect on the position 
measurement we need to know how strong these disturbances are and in what 
frequency range they occur. 
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4.2.a Earth magnetic field 

The earth magnetic field can be seen as a DC component in our measured signal, 
this field only changes if the coach is changing direction. So to cancel the earth 
magnetic field we have to cancel the DC component. Due to the DC component in 
the spectrum of By this cannot be done by a High pass filter. Another possible 
solution is to measure the earth magnetic field between the two magnets. 
Because of the distance between the magnets, the magnetic field of the magnets 
are negligible, the only thing we measure is the earth magnetic field and the
surrounding disturbances, but these can easily be eliminated with a very small 
low pass filter. The change of the earth magnetic field depends on the change of 
direction of the coach. This change will not be fast, a complete 360 degrees 
change of direction will take 10-20 second so the frequency of the earth magnetic 
field will be 1/ 10- 1ho Hz. After we determine the earth magnetic field we can 
subtract it from our original signal. 

4.2.b Currents trougfl the chassis of the coach 

Changing magnetic fields generate currents through metal and other conduction 
materials to resist the changes in the magnetic fields. The magnetic fields will 
reduce the effective magnetic field generated by a passing magnet. The shape of 
the material has the same effects on the magnetic field as we have seen in 
chapter 2.3.f about material with permeability f.lr :;t 1. If the material is places 
above the sensor (so not between the sensor and the magnet), orientated in the 
same x-, y-axis frame and symmetric aligned to the sensor, the magnetic fields 
will only be reduced in amplitude and will have an effect on our measurement but 
will be more acceptable. If the material is not, the magnetic field will not only be 
weakened it also will be deformed and will have a larger negative effect on our 
measurement. 

4.2.c Electrical engines 

In each wheel of the coach an electromotor is placed. These electro-engines are 
directly connected to the wheels so the rotation velocity of the engines is directly 
related to the velocity of the coach. An electro-engine produces large magnetic 
fields. In order to see if these fields disturb our measurements we need to know 
how big they are and in what frequency range they occur. Because the velocity of 
the engines is directly related to the velocity of the coach, the frequency range of. 
the magnetic fields is also. The spectrum of the magnetic field generated Inside 
the engines also depends on the number of poles in the engine and the applied 
power to the engine. The electric engine is shielded by iron so that the engine 
keeps this magnetic field inside. But never the less there will always escape some 
magnetic flux. If we move away from the engine the strength of this field decade 
rapidly, at lease with a factor 'distance' to the power of -3 [9]. At this moment it 
is not yet known what type of electrical engines they are going to use so we are 
unable to determine the magnetic fields. We do know that power inverters control 
these engines. These power inverter mostly operate at a frequency > 1000Hz. As 
we have seen at section 4.1 this is well above our desired signal frequency so we 
should be able to filter this out. We will have a problem if the power inverter is 
not properly filtered. In that case it is possible that very large power spikes are 
transmitted through the power line of the engine and generate a large magnetic 
fields > 10 gauss. If this happens the sensor well distorted and will need a set 
and a reset pulse to work properly again. 

4.2.d Power lines 

Power lines generate a very large magnetic field that is always present. The 
magnetic field produced by a power line is: 
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B = J.lo. I 
2·tr·r 

Here I is the current through the wire and r is the distance of the wire. 

The maximum current through a high-voltage power cable for instance is 
approximate 1000 A. These high-voltage cables are placed at a height of at least 
20 meters above the ground. So the maximum magnetic will be: 

B 
4 . 1r ·1 o-3 ·1 ooo 

1 0 1 
o-1 

= = . · gauss 
2·tr·20 

This is in the worst-case scenario; normally there are three high-voltage power 
cables that, if they are placed close enough toward each other, eliminate each 
other's magnetic field. As we look at Figure 61 we see that 1.0·10-1gauss is not a 

signal we can neglect. The original signal has amplitude of 2.6 ·1 o-1 gauss and 

3.0 .lQ-1 gauss at a lateral distance of 0.1 meter. It will be very difficult to 

eliminate these disturbances using a filter. 

Another problem are the power lines places inside the ground. Here the current 
and voltage is less, but the distance between the power line and the 
magnets/sensors can be closer. Because all the three phases of are placed inside 
one ground-power, the other two phases will eliminate the magnetic field created 
by one phase, so the resulting magnetic field of one ground power-line cable will 
be almost zero. 

4.2.e Mobile telephones etc 

In the modern life almost every one owns a mobile telephone, Walkman, 
Discman, notebook etc. All these electronic equipment produce magnetic fields. It 
is very important that all these equipment do not interfere with our measurement 
system. From al these equipment the mobile telephones and other transmission 
equipment produce the largest magnetic fields. All these kind of equipment 
transmit in a high frequency band (>>1000Hz) and has a power of less than 2 
Watt, so these have now serious consequences for our measurement system. 

4.3. Filter design 

In section 4.1 we have seen that the spectrum of the magnetic field produced by 
a magnet is depending on the velocities of the coach, the same goes for the 
disturbance by the electronic engines, the disturbance like power lines, electronic 
equipment, etc are not and depend on time. We need to build a filter that reduces 
both types of disturbances. We can do this in two manners. 

The first method is using a frequency filter with a transfer function that is 
depending on time and the velocity of the coach. 
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Figure 64. Filter transfer function, f. = the cutoff frequency 

Here the cutoff frequency has to depend on the velocity of the coach. To use the 
velocity, we must make sure that the changes are not in the same frequency 
range as the measured signal. Because the people inside the coach are not 
wearing any seatbelts or so, the coach cannot acceleration/deceleration faster 

than 2 7.2 so this should not by a problem. 

In order to determine the slope and the break point of the filter we need to look 
at the disturbances. In the previous sections we have seen that most of the 
disturbances are in the high frequency range. Only the disturbance of the engines 
and the power lines have a frequency spectrum that is near the spectrum of our 
measured signal. Because the amplitude of the disturbance of the electrical 
engines is unknown we are not able to get any information out of this for our 
slope. The disturbance of the power lines on the other hand is known. The 
frequency is always 50 Hz and has maximum amplitude of 1.0 ·10-1 gauss. 

To see what effect a filter has on our lateral position measurement has, we 
simulated this in matlab using simulink. The schematic of this filter is shown in 
Figure 65. Here we see a 1st order filter with a cut-off point at Wn[Hz]. The input 
signal is generated with the matlab function rij_slgnalen, this function can be 
found in Appendix I. The disturbances of the A/D converter is also integrated in 
this function so it gives a realistic picture of how this measured signals look like. 
The disturbing signals that are generate by power lines, electrical engines etc are 
added to the original signal. The disturbances are split in to two directions, the x
and the y- axis direction. These disturbances are for both sensors the same 
because the distance between the sensors is much smaller than the distance 
between the source of the disturbance and the sensors. In the next section these 
filters are tested. 
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Figure 65. Filter schematic with extra disturbances added to the measured signals 

There are also other possible solutions to eliminate the effects of the 
disturbances. 

Instead of using a fixed sampling frequency we can also use a sample frequency 
that depends on the velocity of the coach. If we do that we are measuring the 
magnetic field in respect to the place of the magnets in the road. Doing so the 
spectrum of the measured signal is no longer depending on the velocity of the 
coach. (It is not a real spectrum because it is not related to time or frequency). 
So we can use a filter that has a static transfer function and is independent of the 
time. The problem with this method is that it is very difficult to calculate and test 
the effect of disturbances depending of time, like the SO Hz signal generated by 
power lines so we did not use this method. 

Another possible solution is to develop a filter that match the frequency spectrum 
of the measured signal. The transfer function of this filter will be: 

Spectrumx (f) = o(r- ~ )+ o(r- 2~v )+ ... + o(r- n/) 
Spectrumy(/) = 8(0 )+ 8(j- vI d)+ o(r- 2~v )+ ... + o(r- n~v) 

t5 = Dirac pulls 

v = velocity [m/s] 

d = the distance between the magnets [m] 

f = frequency [Hz] 

n= number of harmonics 

Using this filter (Figure 66 and Figure 67), the disturbance will be completely 
eliminated except for the disturbance that has the same frequency as f -~ or 

one of it's harmonic. If one of these disturbances is known to match one of the 
harmonic, it is possible to eliminate that specific frequency and leave the other 
frequencies intact. 
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Figure 67. Transfer function of the filter for By 

A complete other approach is to use the shape of the spectrum of the measured 
signal to determine the lateral position. The frequency spectrum of the signal 
depends on several things: velocity of the coach, lateral distance, strength of the 
magnet and the distance between the magnets. The shape of the spectrum 
depends only on the velocity and the lateral distance of the magnet. Because the 
velocity of the coach is known is should be possible to retrieve the lateral 
distance. The disturbances will not have a large effect on the shape of the 
spectrum so the effect on the lateral positioning measurement will be minimal. 

4.4. Filter results 

In the previous section we have seen a filter schematic of the 15
t order. To see 

what the effect is on our lateral position measurement we tested this with several 
speeds, disturbances, and lateral distances. First of all we tested the filter without 
any disturbances except the ND converter. In Figure 68 we see the signal 
measured by the A/D converter and the filtered signal. The signal is measured 
with a 16 ND converter at a sample rate of 1000Hz. The cut-off frequency here is 
40Hz. The velocity of the coach is 20 m/5 with a lateral distance of 0.1 m. 
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Figure 68. Measures magnetic flux by the two sensors and the filtered signal. 

We see here that the filtered signal has a small delay but this is uniform for all 
the measured signals so it does not influence our measurement. We also see a 
signal loss. This is caused by the reduction of the frequency band as we have 
seen in a previous section. In Figure 69 we see the outcome of our measurement. 
Every time if Bx1+Bx2=0 we can measure the lateral distance. Here we see we 
measure a lateral distance of 0.135 meter, so we measure an error of 3.5 em. 

Lateral Position Measurement using magnetic sensors page: 60 



Figure 69. Measured lateral distance [m] (yellow) and the zero crossing (purple) 
in relation to the time[s] 

If we do this for different lateral positions and velocities we get the following 
errors· 

~ 
1 m/s 5 m/s 10 m/s 15 m/s 20m/s 25m/s 

e 

Om Om Om Om Om Om Om 

0.1 m 2 ·10-4m 3·10-3 m 1.2·10-2 m 2·10-2 m 3.5 ·10-2 m 4.5·10-2 m 

0.2 m 2·10-4m 3·10-3 m 1.5 ·10-2 m 2.9·10-2 m 4.1·10-2 m 6.3 ·10-2 m 

0.3 m 2 ·10-4m 3·10-3 m 1.5 ·10-2 m 2.9·10-2 m 4.5 ·10-2 m 6.4·10-2 m 

0.4 m 2 ·10-4m 3·10-3 m 1.5·10-2 m 2.9·10-2 m 4.5 ·10-2 m 6.4·10-2 m 

0.5 m 2·10-4m 3·10-3 m 1.5·10-2 m 2.9·10-2 m 4.5·10-2 m 6.4·10-2 m 

We see that the higher the velocity the higher the error, because the frequency of 
the signal increases the signal loss, if we filter on 40 Hz. 
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To test our filter with disturbances we added some noise with max amplitude of 
1.0 ·10-1 gauss . This is the max magnetic flux of the power lines in the worst-case 

scenario. If we look at the result in Figure 70 we see that the original signal is 
badly deformed. 

Figure 70. Measured and filtered signal of the magnetic nux with the disturbance of 0.1 gauss 
' filtered with a 1" order filter at 40 Hz. 

If this signal is used for the lateral positioning calculations we see in Figure 71 
that it is very difficult to determent the right moment to take the measurements. 
The method of using the zero crossing of Bx1 +Bx2 does not seem to work here. 
Using the knowledge of the velocity of the coach and the distance between the 
magnets and the sensor input it is possible to determine the right trigger moment 
using a Phase lock loop. 
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Figure 71.. Lateral position (yellow) and zero crossing pulls (purple) In relation to tlme[s]. 
Lateral distance 50 em, velocity 25m,., filtered at 40 Hz and a disturbance of 0.1 gauss. 

If we measure the lateral position at the right time we see that the average error 
in the position is 15 em. 

This is with a disturbance of 1.0 ·10-1 gauss. In practice this will be less because of 

the fact that there is not one wire but three wires that eliminates each other 
magnetic field for the most part. If we use a disturbance of 1.0 ·10-2 gauss we see 

in Figure 72 that the lateral position in more accurate and the error is reduced to 
3 em. 
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Figure 72. Lateral position (yellow) and zero crossing pulls (purple) in relation to time[s]. 
Lateral distance 50 em, velodty 25m,., nttered at 40Hz and a disturbance of 0.01 gauss. 

Because the real disturbances are unknown it was impossible to test the filter in 
the real world. It may be necessary to increase the order of the filter so the sloop 
increases. By doing so we see that the signal delay is increasing and the 
amplitude decreasing. 

Till now we uses a fixed cut-off frequency. By varying this cut-off frequency we 
are able to reduce the error by the loss of signal. If we look at table on page 58 
we see that if the coach is driving with a velocity of 10 m/s the error produced by 
the filter is 1.5 em. If we accept this error than we know that the cut-off 
frequency should be Wn = v · 4, where v is the velocity of the coach. If we do this 
we get a problem at higher velocities. For instants if the velocity is 20 m/5 the 
filter start to filter out signals above the 80 Hz so the disturbance of power lines 
are not been filtered out. 

Conclusion: 

Using the magnetic field of a magnet for the measurement of the lateral distance 
of the coach has his disadvantage. The magnetic field of the magnet is not that 
strong and the number objects that generate other magnetic field is large. To use 
the magnetic field of the magnet we need to filter out all other magnetic fields. 
Power-lines, mobile telephone, the earth magnetic field and the electrical engines 
of the coach generate these disturbing magnetic fields. As we have seen in this 
chapter, the larges disturbance is coming from the power-lines. The problem with 
this disturbance is that it in the same frequency spectrum as our desired signal 
generated by the magnets. 
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Using a 1st order filter we are not able to filter this disturbance completely out 
and produces an error of 15 em at a lateral range of 50 em. The problem with 
these filters is that we also filter some of the original signal out and this also 
generates' an error as can be seen in the table on page 61. Other objects that 
generate large magnetic fields are the electrical engines. The problem here is that 
it is not yet known what type of engines are going to be used and what kind of 
disturbance the produce. What is known is that the frequency spectrum of the 
magnetic fields produced by the engines is directly related to the speed of the 
coach. Depending on the number of poles and the gearbox between the engines 
and the wheels this frequency can be in or out of the spectrum of the original 
signal produced by the magnets. If the frequency is in the spectrum it will be 
impossible to filter this out using a 1st order filter and we have to look for other 
solutions like discussed in section 4.3. 
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Conclusions . 
1) Combining two magnetic sensors has advantages. The lateral position 

measurement is independent of slant of the magnet in the x-axis direction and it 
is independent of the strength and polarity of the magnet. 

2) There are on the other hand also problems like: 

a) Slant of the magnet in they-axis direction 

b) Material with permeability not equal to that of air 

c) Current loops inside conduction material 

d) Calibration of the sensors 

e) Disturbing magnetic fields 

a) As the coach makes a turn the sensors are being tilted in to the direction of they
axis. This has the same effect as a slant of the magnet in they-axis direction. If 
we look at the result of a S-degree slant in the y-axis direction we see that the 
error in the lateral position increases to 4 em at a lateral distance of SO em and 
1S em at 1 meter. By measuring the slant of the coach using the sensors of the 
electronic suspension we are able to compensate for this. The slant for the 
magnet on the other hand cannot be compensated. These have to be placed very 
accurately in the road. 

b) A large problem is material with permeability not equal to that of air, like iron. 
This material deforms the magnetic field produced by the magnets and so the 
lateral position measurement. The influence on our measurements depends on 
type of material, shape, orientation and the position of the material. If the metal 
is flat, symmetrically placed and in the same plane as the sensors the influence is 
minimal. If the material is not flat, like a bar, the influence increases. In our test 
with a bar placed at a distance of 9 em under (not between the sensors and the 
magnet) the sensors we see an error of more than 1S em at a lateral distance of 
SO em. If the distance is decreased to 20 em the error is decreased to a max 
error of 3 em. If the metal bare is placed next to the sensors with a distance of 17 
em we get a large error of > 40 em in the lateral positioning measurement. For 
these influences we cannot compensate. 

c) As a magnet passes conductive material its magnetic field generates current 
loops. These current loops try to neutralize the magnetic field changes. If such a 
material is placed near the sensors the magnetic field generated by the magnet 
will be reduced in strength. The shape, orientation and place of this material have 
the same influence in the distortion of the magnetic field as with material with 
permeability not equal to that of air. For both cases it is necessary that these 
materials are flat and placed in the same plane as the sensor. 

d) For our measurement it is very important to know the place and orientation of the 
magnetic sensors. The slightest deviation in this can have a very negative effect 
on our measurements. If we measure the position and the orientation we can 
compensate for these effect. We can measure these by applying currents trough 
several wires places on the same board as the sensors. By measuring these 
magnetic fields it is possible to calculate the position and the orientation of the 
sensors. After the calibration the accuracy of our measurements improved by 
30%. 
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e) Using magnetic sensors has a disadvantage. The magnets placed in the road are 
not the only things that produce a magnetic field. There are several other sources 
that produce magnetic fields: 

• The earth 

• Electrical engines 

• Power grid 

• Power lines 

• Mobile telephones and other transceivers 

• Computers, radio and other electronic equipment 

All these sources produce some kind of magnetic field and influence our lateral 
positioning measurement. To reduce these influences we need to filter these out 
or compensate for them. The earth magnetic field is a constant magnetic field and 
when the coach drives the influence of this field can almost be compared with DC 
component. By measuring the magnetic field when the sensors are between two 
magnets, we are able to measure the earth magnetic field and can compensate 
for it. Mobile telephones transmit in a high frequency band. The signal generated 
by the magnets when the coach is driving over them produces a low frequency 
signal so a low pass filter can easily filter out these disturbances. 

The magnetic field produced by electrical engines, the power grid and power lines 
and the electrical engines on the other hand are also in the low frequency range 
and are harder to filter out. Here we need to use a low pass filter that has a cut
off point that is depending on the velocity of the coach. Because the magnetic 
field of the power lines inside the coach, the electrical engines is not yet known it 
was not possible to test the filters and so it is unknown if the filter is sufficient. 
We have seen that using a 1st order filter the error in the lateral position is 15 em 
at a lateral distance of 50 em. Using a 2"d order filter or a smaller bandwidth will 
not result in a smaller error because a large part of the original signal is also be 
filtered out. If we want to reduce the error we need to change our approach and 
us a filter that only let the original signal through using some kind of comb filter. 
Another solution may be to use the shape of the spectrum to determent the 
lateral position of the coach. These approaches are not yet investigated because 
of lack of time. 
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Appendix A. Mat Lab function 'Piot_magveld' 
function Plot magveld(Domein X,Domein Y,Delta X,Delta Y, H, Hoek_x_mag, Hoek_y_mag, 
Hoek x sen, Hoek y sen) - - - -
% Deze-functie berekent de het magnetischveld dat de sensor meet in de 
% x- en y-as. Dit gebeurt voor een oppervlakte van [Domein_Xl bij [Domein_Yl 
%met een raster van [Delta X] bij [Delta Y]. 
% De sensor staat op een hoogte [H] van het vlak waar de magneet zich in bevindt. 
% 
% Plot_magveld(Domein_X,Domein_Y,Delta_X,Delta_Y, 
Hoek_x_sen, Hoek_y_sen) 
% 
% INPUT: 

Domein X 
Domein_Y 
Delta_X 
Delta Y 
H 

Meetbereik x-richting 
Meetbereik y-richting 
Stapgrootte van de x-waarde 
Stapgrootte van de y-waarde 
Hoogte van de sensor 

H, 

% 
% 
% 
% 
% 
% 
% 
% 
% 

Hoek_x_mag 
Hoek_y_mag 
Hoek_x_sen 
Hoek_y_sen 

rotatie van de magneet over de x~as 
rotatie van de magneet over de y-as 
rotatie van de sensor over de x-as 
rotatie van de sensor over de y-as 

bit=16; 
mu=4*pi*le-7; 
M=(40*2)/4.25e-4; 
Hxm=Hoek x mag*pi/180; 
Hym=Hoek:Y=mag*pi/180; 
Hxs=Hoek x sen*pi/180; 
Hys-Hoek:Y-sen*pi/180; 
Zw-H; -. 
Zm=Zw; 
wTs=[[ cos(Hxs) 

[ sin(Hys)*sin(Hxs) 
I-cos(Hys)*sin(Hxs) 

wTm= I I cos (Hxm) 

0 
cos(Hys) 
sin(Hys) 
0 

I sin(Hym)*sin(Hxm) cos(Hym) 
[-cos(Hym)*sin(Hxm) sin(Hym) 

mTw-wTm' ; 
for x=1: (Domein X/Delta X*2+1); 

sin (Hxs) l 
-sin(Hys)*cos(Hxs)] 
cos(Hys)*cos(Hxs)]]; 
sin(Hxm) l 

-sin(Hym)*cos(HXm)] 
cos(Hym)*cos(Hxm)]]; 

for y=l:(Domein Y/Delta Y*2+1); 
Sw=[(x-Domefn X)*Delta X-1; (y-Domein Y)*Delta Y-1;H]; 
Sm=wTm*Sw; - - · - -
Xi=Sw(1,1); 
Yi=Sw(2,1); 
Zi=Sw(3,1); 
Xm=Sm(l, 1); 
Ym=Sm(2, 1); 
Zm=Sm(3, 1); 
% Uitrekenen van de constantes 
r=(XiA2+YiA2+ZiA2)AQ. 5; 
C=(mu*M)/(4*pi*rA5); 
% Berekenen van het magnetich veld 
Bm=C*[3*Zm*Xm;3*Zm*Ym;2*ZmA2-XmA2-YmA2]; 
Bn=C*[3*Zi*Xi;3*Zi*Yi;2*ZiA2-XiA2-YiA2]; 
% Roteren van het veld 
Bw=mTw*Bm; 
Bs=wTs*Bw; 

Hoek_x_mag, 

% Quantiseren van de meetwaarden en in een matrix opslaan 
Bnx(x,y)=round(Bn(1,1)*2Abit)*2A-bit; 
Bny(x,y)=round(Bn(2,1)*2Abit)*2A-bit; 
Bnz(x,y)=round(Bn(3,1)*2Abit)*2A-bit; 
Bwx(x,y)=round(Bw(1,1)*2Abit)*2A-bit; 
Bwy(x,y)=round(Bw(2,1)*2Abit)*2A-bit; 
Bwz(x,y)=round(Bw(3,1)*2Abit)*2A-bit; 
Bsx(x,y)=round(Bs(1,1)*2Abit)*2A-bit; 
Bsy(x,y)=round(Bs(2,1)*2Abit)*2A-bit; 
Bsz(x,y)=round(Bs(3,1)*2Abit)*2A-bit; 

end 
end 
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% Plot deze waardes in een 3d plot 
subplot(l,3,1); 

plot([-Domein_X:Delta_X:Domein_X],Bwx(l21,:), 'blue'); 
hold on; 
plot([-Domein_X:Delta_X:Domein_X],Bnx(121,:),'red'); 
hold off; 
%mesh([-Domein X:Delta X:Domein X], [-Domein Y:Delta Y:Domein Y],Bwx); 
title('Magnitude of the Magnetic field in the x-axis'); -
%ylabel('Position Magnet X-as [m] '); 
xlabel('Position Magnet Y-as [m] ');ylabel('Magnetic field'); 

subplot(1,3,2); 
plot([-Domein_X:Delta_X:Domein_X],Bwy(lOl,:), 'blue'); 
hold on; 
plot([-Domein_X:Delta_X:Domein_X],Bny(lOl,:),'red'); 
hold off; 
%mesh([-Domein X:Delta X:Domein X], [-Domein Y:Delta Y:Domein Y],Bwy); 
title('Magnitude of the Magnetic field in theY-axis'); -
%ylabel('Position Magnet X-as [m] '); 
xlabel('Position Magnet Y-as [m] ');ylabel('Magnetic field'); 

subplot(l,3,3); 
plot([-Domein_X:Delta_X:Domein_X],Bwz(lOl,:}, 'blue'); 
hold on; 
plot([-Domein_X:Delta_X:Domein_X],Bnz(lOl,:), 'red'); 
hold off; 
%mesh([-Domein X:Delta X:Domein X], [-Domein Y:Delta Y:Domein Y],Bwz); 
title('Magnitude of the Magnetic field in the z-axis'); -
%ylabel('Position Magnet X-as [m] '); 
xlabel('Position Magnet Y-as [m] ');ylabel('Magnetic field'); 
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Appendix B. MatLab function 'Sensor' 
function [Pw1, Ps1,Ps2,Ps3, Fout1,Fout2,Fout3) = Sensor(a,b, c,d,e,f,g, h,i,j,k,l, 
D,H) 
% Deze functie berekent de positie van de magneet aan de hand 
% van de meetgegevens van twee sensoren die op een afstand D 
% van elkaar verwijder zijn. 
% [Pwl, Psl,Ps2,Ps3, Fout1,Fout2,Fout3) = Sensor(a,b, c,d,e,f,g, h,i,j,k,l, D,H) 
% Input: 
% a de kanteling van de magneet over de x as in graden 

b = de kanteling van de magneet over de y as in graden % 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 

c = de kanteling van sensor 1 over de x as in graden 
d de kante1ing van sensor 1 over de y as in graden 
e = de rotatie van sensor 1 rond de z as in graden 
f = hoek afwijking van de X as rond de z as 
g = hoek afwijking van de Y as rond de Z as 

h 
i 
j 
k 
1 

D 
H 

de kante1ing van sensor 2 over de x as in graden 
de kanteling van sensor 2 over de y as in graden 
de rotatie van sensor 2 rond de z as in graden 
hoek afwijking van de X as rond de Z as, sensor 2 
hoek afwijking van de Y as rond de Z as, sensor 2 

onderlinge afstand van de sensoren 
Hoogte van de sensoren t.o.v. de magneet 

% Output: 
% Pw Werke1ijke afstand X t.o.v. Sensor 1 
% 
% 
% 
% 
% 
% 
% 
% 

Ps1 
Ps2 
Ps3 

Foutl 
Fout2 
Fout3 

Gemeten afstand X t.o.v. Sensor 1 
Gemeten afstand X t.o.v. Sensor 2 
Gemeten afstand X t.o.v. Sensor 1&2 

Meetfout Sensor 1 
Meetfout Sensor 2 
Meetfout Sensor 1&2 

% Initie van de interne variabelen 
Ps3=[); 
Fout3=[); 

% Berekening 
[Pw,Ps1,Fout1,Bsxl,Bsyl,Bszl)=M Sensor(a,b,c,d,e,f,g, (D/2),H); 
[Pw,Ps2,Fout2,Bsx2,Bsy2,Bsz2]=M-Sensor(a,b,h,i,j,k,l, (-D/2),H); 
for i=1:201; -

end 

Ps3(i)=0.5*D*(Bsy1(i)+Bsy2(i))/(Bsx1(i)-Bsx2(i)); 
Fout3(i)=Ps3(i)-Pw(i); 

subplot(3,2,1); 
plot( [-1:0.01:1), [Ps1;Pw] ') 
title('Lateral position measured by Sensor 1') 
ylabel ( 'Y [m] ' ) 
grid on 

subplot(3,2,2); plot([-1:0.01:1),Fout1) 
title('Measurement error Sensor 1') 
ylabel('Error[m)') 
grid on 

subplot(3,2,3); 
plot( [-1:0.01:1), [Ps2;Pw] ') 
title('Lateral position measured by Sensor 2') 
ylabel ( 'Y (m] ') 
grid on 

subplot(3,2,4); plot([-1 : 0.01:1),Fout2) 
title('Measurement error Sensor 2') 
ylabel ( 'Error [m) ' ) 
grid on 

subplot(3,2,5); 
plot ( [-1: 0. 01: 1), [Ps3; Pw] ') 
title('Lateral position measured by Sensor 1&2') 
xlabel ( 'X [m) ' ) 
ylabel ( 'Y (m] ' ) 
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grid on 
subplot(3,2,6); plot([-l:O.Ol:l),Fout3) 

title( 1 Measurement error Sensor 1&2 1
) 

xlabel ( 1 X[m) 1
) 

ylabel ( 1 Error [m) 1
) 

grid on 
zoom on 

Lateral Position Measurement using magnetic sensors page: 72 



Appendix C. MatLab function to 'M_Sensor' 
function [Pw,Ps,Fout,Bsx,Bsy,Bsz] = M Sensor(a,b,c,d,e,f,g,X,H) 
% Deze functie berekent de positie die wordt gemeten 
% door een sensor op afstand X en op hoogte H van de 
% magneet en de magnetische velden in de x,y en z richting 
% [Pw, Ps, Fout,Bsx,Bsy,Bsz] = M_Sensor(a,b,c,d,e,f,g,X,Hl 
% INPUT : 
% 
% 
% 
% 
% 
% 
% 

a 
b 
c 
d 
e 
f 
g 

de kanteling van de magneet over de x as in graden 
de kanteling van de magneet over de y as in graden 
de kanteling van de sensor over de x as in graden 
de kanteling van de sensor over de y as in graden 
de rotatie van de sensor rend de Z as in graden 
hoek afwijking van de X as rend de Z as 
hoek afwijking van de Y ftS rend de Z as 

% OUTPUT: 
% 
% 
% 

de werkelijke positie 
de gemeten positie 
= de gemeten fout 

% 
% 
% 

Pw = 
Ps = 
Fout 
Bsx 
Bsy 
Bsz 

Magnetisch veld in de X richting 
Magnetisch veld in de Y richting 
Magnetisch veld in de z richting 

% Omrekenen van de graden naar radialen 
Hxm=a*pi/180; 
Hym=b*pi/180; 
Hxs=c*pi/180; 
Hys=d*pi/180; 
Hzs=e*pi/180; 
Ax =f*pi/180; 
Ay =g*pi/180 ; 
Zw=!l; 

% Initie van de interne variabelen 
bit=l6; 
Bsx=[] ; Bsy=[] ; Bsz=[]; 
Bwx=(] ; Bwy=[] ; Bwz=[]; 
Bmx=(]; Bmy=[] ; Bmz=[]; 
mu=4*pi*1e-7 ; 
M=(40*2)/4.25e-4; 
Pw=[]; 
Ps=[ J; 

% Definieren van de transformatie matixen 
% rota ties van de magneet en de sensor 
wTm=[ 1 0 0 ; 

0 cos (Hxm) -sin (Hxm); 
0 sin(Hxm) cos (Hxm)] 

* [ cos (Hym) 0 sin(Hym); 
0 1 0; 
-sin(Hym) 0 cos (Hym) ] ; 

wTs=[ 1 0 0 ; 
0 cos (Hxs) -sin(Hxs); 
0 sin(Hxs) cos(Hxs)] 

* [ cos(Hys) 0 sin(Hys); 
0 1 0; 
-sin(Hys) 0 cos (Hys)] 

* [ cos (Hzs) -sin(Hzs) 0; 
sin (Hzs) cos(Hzs) 0; 
0 0 1]; 

mTw=inv (wTm) ; 
sTw=inv (wTs) ; 

t.b.v de 
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% Bereken de magnetiche ve1den in de x,y en z richting 
% over een meetbereik van -1 meter tot + 1 meter in 
% de y richting. 
for i=1:201; 

end 

Sw=[ X ; (i-1)*0.01-1;Zw]; 
Sm=wTm*Sw; 
Xm=Sm(1, 1); 
Ym=Sm(2,1); 
Zm=Sm(3,1); 
Xi=Sw(1,1); 
Yi=Sw(2~ 1); 
Zi=Sw(3,1); 

r=(Xm~2+Ym~2+Zm~2)~0.5; 

C=(mu*M)/(4*pi*r~5); 

bm=C*[ 3*Zm*Xm*cos(Ax)+3*Zm*Ym*sin(Ay); 
3*Zm*Ym*cos(Ay)+3*Zm*Xm*sin(Ax); 
2*Zm~2-Xm~2-Ym~2)]; 

bi=C*[3*Zi*Xi; 3*Zi*Yi; 2*Zi~2-Xi~2-Yi~2]; 
bw=mTw*bm; 
bs=wTs*bw; 

Bmx=[Bmx round(bm(1,1)*2~bit)*2~-bit]; 
Bmy=[Bmy round(bm(2,1)*2~bit)*2~-bit]; 
Bmz=[Bmz round(bm(3,1)*2~bit)*2~-bit]; 
Bwx=[Bwx round(bw(1,1)*2~bit)*2~-bit]; 

Bwy=[Bwy round(bw (2,1)*2~bit)*2~-bit]; 

Bwz=[Bwz round(bw(3,1)*2~bit)*2~-bit]; 
Bsx=[Bsx round(bs(1,1)*2~bit) *2~-bit]; 

Bsy=[Bsy round(bs(2,1)*2~bit)*2~-bit]; 

Bsz=[Bsz round(bs(3,1)*2~bit)*2~-bit]; 

Ps(i)=(round(bs(2)*2~bit)*2~-bit)/(round(bs(1)*2~bit)*2~-bit)*Xm; 

Pw(i)=bi(2)/bi(1)*Xi ; 
Fout(i)=Ps(i)-Pw(i) ; 
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Appendix D. Specification HMS2003 Sensor 

Lateral Position Measurement using magnetic sensors page: 75 



Lateral Position Measurement using magnetic sensors page: 76 



Lateral Position Measurement using magnetic sensors page: 77 



Lateral Position Measurement using magnetic sensors · page: 78 



Appendix E. MatLab function 'Inv/oedRotatieXYopDelta ' 
function [Error] = InvloedRotatieXYopDelta 
(Max Hoek X,Stap Hoek X,Max Hoek Y,Stap Hoek Y,Alpha,Delta) 
% Deze functie rekent-de in~loed-van Delta uit op Alpha. 
% De error wordt in een 3D plot getoond. 
% Input: 
% Max_Hoek_X Rotatie van 

stap grote. 
Rotatie van 
stap grote. 

de sensor rond as X tot een max. van Max_hoek_X graden. 
% Stap_Hoek_X = 
% Max_Hoek_Y de sensor rond as Y tot een max. van Max_hoek_Y graden. 
% Stap_Hoek_Y 
% Alpha = Werkelijke 

= Werkelijke 
hoek Alpha. 
hoek Delta. % Delta 

% 
% Output: 
% Error = Matrix van de error op Delta. 
% 
format long 
Error=[]; 
I=1; 
B=4*pi*10A(-7)/(2*pi*0.005); 
Bx1= B*cos(Alpha*pi/160); 
By1= B*sin(Alpha*pi/160)/cos(Delta*pi/160); 
Bx2= B*sin(Alpha*pi/160); 
By2= B*cos(A1pha*pi/160)/cos(De1ta*pi/160); 

for Hoek X =-Max Hoek X:Stap Hoek X:Max Hoek X, 
J=1; - - - - - - -

end 

By1e=By1*cos(Hoek X*pi/160); 
By2e=By2*cos(Hoek-X*pi/160); 
for Hoek_Y =-Max_Hoek_Y:Stap_Hoek_Y:Max_Hoek_Y, 

Bx1e=Bx1*cos(Hoek Y*pi/160); 
Bx2e=Bx2*cos(Hoek-Y*pi/160); 
Teller=sqrt(Bx1e*By1e*Bx2e*By2e); 
Noemer=By1e*By2e; 

end 

H(I,J)=Teller/Noemer; 
if H (I, J) >=1 

Error(I,J)=Delta+abs(acos(H(I,J))*160/pi); 
else 

Error(I,J)=Delta-abs(acos(H(I,J))*160/pi); 
end 
J=J+1; 

I=I+1; 

mesh((-Max Hoek X:Stap Hoek X: Max Hoek X), (-Max Hoek Y:Stap Hoek Y:Max Hoek Y),Er ror) ; 
XLabel('Rotation around the-x-axis [degrees]');- - - - - -
YLabel('Rotation around they-axis [degrees)'); 
ZLabel('Error in Delta [degrees] ' ) ; 
Title(['Error in Delta as a result of tilting the sensor(A1pha ',num2str(Alpha),' 
degrees, Delta= ',num2str(Delta),' degrees)']); 
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Appendix F. MatLab function 'InvloedDeltaopA/pha' 

function [error] = Invloed Delta op Alpha(Max Alpha,Stap Alpha,Max Delta,Stap Delta) 
% Deze functie rekent de invloed-van Delta uit op Alpha.- - -
% De error wordt in een 3D plot getoond. 
% Input : 
% Max_Alpha 
% Stap_Alpha 
% Max Delta 
% Stap_Delta 
% 

max bereik van 
stap grote. 
max bereik van 
stap grote. 

Alpha in graden. 

Delta in graden. 

% Output: 
% Error 
% 

Matrix van de error op Alpha. 

error=[]; 
y=1; 
for Alpha=(O:Stap_Alpha: Max_Alpha) ; 

x=1; 
Bx=cos(Alpha*pi/180); 
By=sin(Alpha*pi/180); 
for Delta=(-Max Delta:Stap Delta:Max Delta); 

error(x,y)=Alpha-(acos(Bx/sqrt(Bx~2+cos(Delta*pi/180)A2*ByA2))*180/pi); 
x=x+1; 

end 
y=y+1; 

end 
% plot((-Max Delta:Stap Delta:Max Delta),error); 
mesh(O : Stap_Alpha:Max_Alpha,-Max_Delta:Stap_Delta:Max_Delta ,error); 
XLabel('Alpha [degrees]'); 
YLabel('Error in delta [degrees]'); 
ZLabel('Error in Alpha [degrees]'); 
Title( [ 'Error in alpha as a result of an error in Delta (Alpha ',num2str(Alpha),' 
degrees, Delta= ',num2str(Delta),' degrees);]); 
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Appendix G . . MatLab function 'InvloedRotatieXYopA/pha' 

function [Error) = Invloed rotatie XY op Alpha 
(Max Hoek x,stap Hoek X,Max Hoek Y~Stap Hoek Y,Alphal 
% Deze functie rekent-de invloed-van Delta uit op Alpha. 
% De error wordt in een 3D plot getoond. 
% Input: 
% Max Hoek X 
% Stap_Hoek_X 
% Max_Hoek_Y 
% Stap_Hoek_Y 
% Alpha 
% 
% Output: 

Rotatie van 
stap grote. 
Rotatie van 
stap grote. 

de sensor rond as X tot een max. van Max_hoek_X graden 

de sensor rond as Y tot een max. van Max_hoek_Y graden 

Werkelijke hoek Alpha. 

% Error Matrix van de error op Alpha. 
% 

Error=[]; 
Delta=O; 
1=1; 
Bx=cos(Alpha*pi/180); 
By=sin(Alpha*pi/180); 
for Hoek X =-Max Hoek X:Stap Hoek X:Max Hoek X, 

J=1; - - - - - - -

Bye=By*cos(Hoek X*pi/180); 
for Hoek_Y =-Max_Hoek_Y:Stap_Hoek_Y:Max_Hoek_Y, 

Bxe=Bx*cos(Hoek Y*pi/180); 
Error(I,J)=Alpha-(acos(Bxe/sqrt(BxeA2+cos(Delta*pi/180)A2*ByeA2))*180/pi); 
J=J+1; 

end 
1=1+1; 

end 
% plot((-Max Hoek X:Stap Hoek X:Max Hoek X),Error); 
mesh((-Max_Hoek_x!stap_Hoek_X!Max_Hoek_x), (-Max_Hoek_Y:Stap_Hoek_Y:Max_Hoek_Y),Error); 
XLabe1('Rotation around the X-axis (degrees]'); 
YLabel('Rotation around the X-axis [degrees]'); 
ZLabel('Error in Alpha [degrees]'); 
Title(('Error in Alpha as a result of slant by the sensor (Alpha ',num2str(Alpha),' 
degrees, Delta= •,num2str(Delta),' degrees)')); 
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Appendix H. MatLab function 'rij_signaal' 
function [B,S] = rij signaal(Td,Sf,z,y,d,v,a); 
% Deze functie genereerd het het signaal dat gemeten wordt, door de sensoren, als er 
met het voertuig wordt gereden. 
% Tevens wordt hier een spectrum van gegenereerd. Er moet wel op worden gelet dat er 
altijd een gehele periode wordt 
% gemeten anders ontstaan er problemen met de FFT. 
% 
% [B,S]=rij_signaal(Td,St,z,y,d,v,a); 
% 
% Output: 
% B Matrix met meet waardes van het magnetisch veld die gemeten worden door 
de sensorover 
% s 
% 
% Input: 
% Td 
% Sf 
% z 
% y 
% d 
% v 
% a 
% 

de x-as en de y-as 
Spectrum van het gemeten signaal 

Tijdsduur van meten [s] 
Samplefrequentie [s] 
Hoogte van de sensor [m] 
Laterale afwijking [m] 
Onderlinge afstand tussen de magneten [m] 
Snelheid van het voertuig [m/s] 
Versnelling van het voertuig [m/sA2] 

% definitie van de variabelen' 
tel=O; 
Stap=l/Sf; 
bit=l6; 
mu=4*pi*le-7; 
M=(l0*2)/4.25e-4; 
Bx=[]; 
By=[]; 

for t=O:Stap:Td, 
tel=tel+l; 
gz((v*t+0.5*a*tA2)/d-floor((V*t+0 . 5*a*tA2)/d))*d; 
% Uitrekenen van de constantes voor magneet 1 
xl=-(d+s); 
rl=(XlA2+yA2+zA2)A0.5; 
Cl=(mu*M)/(4*pi*rlA5); 
Bxl=Cl*3*z*xl; 
Byl=Cl*3*z*y; 

% Uitrekenen van de constantes voor magneet 2 
x2=-s; 
r2=(x2A2+yA2+zA2)AQ.5; 
C2=(mu*M)/(4*pi*r2A5); 

Bx2=C2*3*z*x2; 
By2=C2*3*z*y; 

% Uitrekenen van de constantes voor magneet 3 
x3=d-s; 
r3=(x3A2+yA2+zA2)A0.5; 
C3=(mu*M)/(4*pi*r3A5); 

Bx3=C3*3*z*x3; 
By3-C3*3*z*y; 

% Uitrekenen van de constantes voor magneet 4 
x4=2*d-s; 
r4=(x4A2+yA2+zA2)A0.5; 
C4=(mu*M)/(4*pi*r4A5); 

Bx4=C4*3*z*x4; 
By4=C4*3*z*y; 

% Het magnetisch veld dat door de sensor wordt gemeten 
B(tel,l)=Bxl+Bx2+Bx3+Bx4; 
B(tel,2)=Byl+By2+By3+By4; 

end 
S=abs(fft(B)); 
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figure(1) 
subplot(1,2,1); 

plot ( [ 0 : 1 I 10 0 0 : 2] , B ( : , 1 ) ) ; 
title('Magnetic fiels in the x-axis direction') 
xlabel ('Time [s]') 
ylabel('Magnetic Flux[gauss] ') 

subplot(1,2,2); 
plot( [0:1/1000:2] , B(:,2)); 
title('Magnetic fiels ~n the y-axis direction') 
xlabel('Time[sl ') 
ylabel ('Magnetic Flux [gauss]') 

figure(2) 
subplot(1,2,1); 

plot ( [ 0: 1/2: 1000 l , s (:, 1) ) ; 
title('Spectrum of the magnetic fiels in the x-axis direction') 
xlabel('Frequency[Hz] ') 
ylabel ( 'abs (FFT) ' ) 

subplot(1,2,2); 
plot ( [0:1/2 :1000] , s ( :,2)); 
title('Spectrum of the magnetic fiels in the y-axis direction') 
xlabel('Frequency[Hz] ') 
ylabel ( 'abs (FFT) ' ) 
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Appendix I. MatLab function 'rij_signalen' 
function [B] = rij signalen(Td,Fs,v,a,y,z,d,sO); 
% Deze functie genereerd het het signaal dat gemeten wordt, door 
% als er met het voertuig wordt gereden. 
% 
% [B]=rij_signalen(Td,Fs,v,a,y,z,d,sO); 
% 
% Output: 

de sensoren, 

% 
% 

B Matrix met meet waardes van het rnagnetisch veld die gerneten 
worden door de sensoren over de x-as en de y-as 

% 
% Input: 
% Td Tijdsduur van meten [s] 

Samplefrequentie [s] % Fs 
% v 
% a 
% y 
% z 
% d 
% sO 

Snelheid van het voertuig [rn/s] 
Versnelling van het voertuig [m/s~2] 

Laterale afwijking [m] 
Hoogte van de sensor [m] 
Onderlinge afstand tussen de magrieten [m] 
Afstand tussen de sensoren [m] 

% definitie van de variabelen' 
tel=O; 
Stap=l/Fs; 
bit=l6; 
mu=4*pi*le-7; 
M=(l0*2)/4.25e-4; 
Bx=[J; 
By=[]; 

for t=O:Stap:Td, 
tel=tel+l; 
s=((v*t+0.5*a*t~2)/d-floor((v*t+0.5*a*t~2)/d))*d; 
% Uitrekenen van de constantes voor rnagneet 1 
xl=-(d+s); 
rl=(x1~2+y~2+z~2)~0.5; 

Cl~(mu*M)/(4*pi*rl~5); 

Bxl=round(Cl*3*z*xl*2Abit)*2~-bit; 

Byl=round(Cl*3*z*y*2~bit)*2~-bit; 

% Uitrekenen van de constantes voor magneet 2 
x2=-s; 
r2=(x2A2+yA2+zA2)A0.5; 
C2=(mu*M)/(4*pi*r2A5); 

Bx2=round(C2*3*z*x2*2Abit)*2A-bit; 
By2=round(C2*3*z*y*2Abit)*2A-bit; 

% Uitrekenen van de constantes voor magneet 3 
x3=d-s; 

end 

r3=(x3A2+y~2+zA2)A0.5; 

C3=(mu*M)/(4*pi*r3A5); 
Bx3=round(C3*3*z*x3*2Abit)*2A-bit; 
By3=round(C3*3*z*y*2Abit)*2A-bit; 

% Uitrekenen van de constantes voor magneet 4 
x4=2*d-s; 
r4=(x4A2+yA2+zA2)A0.5; 
C4=(rnu*M)/(4*pi*r4A5); 
Bx4=round(C4*3*z*x4*2Abit)*2~-bit; 

By4=round(C4*3*z*y*2~bit)*2A-bit; 

% Het magnetisch veld dat door de sensor wordt gemeten 
B(tel,l)=Bxl+Bx2+Bx3+Bx4; 
B(tel,2)=Byl+By2+By3+By4; 

tel=O; 
for t=O:Stap:Td, 

tel=tel+l; 
s=((sO+v*t+0.5*a*tA2)/d-floor((sO+v*t+0.5*a*t~2)/d))*d; 

% Uitrekenen van de constantes voor rnagneet 1 
xl=-(d+s); 
rl=(XlA2+yA2+zA2)A0.5; 
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end 

Cl=(mu*M)/(4*pi*rlA5); 
Bxl=round(Cl*3*z*xl*2Abit)*2A-bit; 
Byl=round(Cl*3*z*y*2Abit)*2A-bit; 

% Uitrekenen van de constantes voor magneet 2 
x2=-s; 
r2=(x2A2+yA2+zA2)A0.5; 
C2=(mu*M)/(4*pi*r2A5); 

Bx2=round(C2*3*z*x2*2Abit)*2A-bit; 
By2=round(C2*3*z*y*2Abit)*2A-bit; 

% Uitrekenen van de constantes voor magneet 3 
x3=d-s; 
r3=(x3A2+yA2+zA2)A0.5; 
C3=(mu*M)/(4*pi*r3A5); 

Bx3=round(C3*3*z*x3*2Abit)*2A-bit; 
By3=round(C3*3*z*y*2Abit)*2A-bit; 

% Uitrekenen van de constantes voor magneet 4 
x4=2*d-s; 
r4=(x4A2+yA2+zA2)A0.5; 
C4=(mu*M)/(4*pi*r4A5); 

Bx4=round(C4*3*z*x4*2Abit)*2A-bit; 
By4=round(C4*3*z*y*2Abit)*2A-bit; 

% Het magnetisch veld dat door de sensor wordt gemeten 
B(tel,3)=Bxl+Bx2+Bx3+Bx4; 
B(tel,4)=Byl+By2+By3+By4; 
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