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ISL Inter Satellite Link

AM Azimuth Mechanism

LEO Low Earth Orbit

GEO Geostationary Orbit

GR gear ratio

SR sampling rate

PSD Position Sensing Device

Ni Nichel

Cu Copper

CPU Central Processing Unit

BB Bread-Board

ADC Analog to Digital Converter
MPF Mid-Point Finder

PD Peak Detection

LRT Lehrstuhl fir Raumfahrttechnik

TUM Technische Universitat Miinchen

MOVE Munich Orbital Verification Experiment

HS Hall sensor

SC Spacecraft
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Abstract

This Master Thesis describes the design of an absolute encoder for the LISA (Lightweight Inter-
satellite Antenna). The work was conducted at the Lehrstuhl fiir Raumfahrttechnik (LRT) of the
Technische Universitidt Miinchen (TUM) during the 8 months exchange period through the Eras-
mus project, a European program which allows students to do an internship period in another Eu-
ropean University. In this particular case, the exchange period was possible due to the agreement

between the University of Padova and TUM.

LISA is a project handled by the Department of Astronautics (LRT) of the Thechnical University
of Munich that aims to develop an inter-satellite communication subsystem that will allow a LEO
satellite to have and an? extended period of downlink to a ground station of almost 41 minutes:
the satellite’s antenna requires a performing pointing mechanism (APM, Antenna Pointing Mech-
anism) able to point the radio source toward the desired target. To move this mechanism a couple
consisting of a stepper motor (Azimuth and Elevation angles) and gear box has been chosen, to
provide the movements with the required precision. One drawback of this choice is that a loss of
power of the main system due to an unpredictable event could lead the mechanism to forget the
position at the moment of shutdown. The purpose of this paper is to design a device able to detect
the zero/starting position of the mechanism (absolute encoder), by processing the signal acquired
by the hovering of a magnet over a pre-selected Hall sensor (magnetic sensing technology). The
thesis’ work required: a research on the state of the art on the magnetic absolute encoder and a test
on the most effective methods to find the zero position, several sets of tests to verify the reliability
of the chosen method (mid-point finder) and a description of the further steps to perform to com-

plete the development of the device.
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1 INTRODUCTION

1.1 Lisa Overview

LISA (Lightweight Inter Satellite-link Antenna) is a project handled by the institute of Astro-
nautics Engineering in Munich (LRT) with the support of DLR (German Aerospace Center). The
purpose of the system is to provide a longer satellite communication between a satellite in LEO
and a ground station, extending the available direct downlink time for LEO satellites to earth from
7 minutes (the average amount of time that a LEO satellite takes to cross the area over a generic
ground station) to approximately 45 minutes. The Inter Satellite Communication Link (ISL) is be-
tween a satellite in LEO and a satellite in GEO orbit, both equipped with an express antenna, that
provide the communication channel between them. The LISA antenna main array is a
400x400x200 mm antenna that weights 5000g, it transmits at a frequency of 23.205/27.350 GHz

with 15 years of estimated operative life.

LISA Ka-band antenna, mechanically steerable

Size [mm] [ 400x400x200
Weight [g] 5000
Frequency RX/TX [GHz] | 23.205/27.350
Half Power Angle €] 0,75
Polarization [-] LHC/RHC
Gain [dB1] | 37

Max. moment of inertia | [kgm?] | 0.5
Application [-] LEO/GEO
Lifetime [yr] 15

Figure I: The LISA antenna main properties [2].

In the last years the amount of data that Low Earth orbiting satellites need to transmit to the

ground is increasing. The most common used frequency is the Ka-band due the potentially higher
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data rate allowed with respect to the X and S bands. More frequently, the time of the transmission
is becoming insufficient for more applications, due the elevate orbiting speed of this kind of satel-
lite (7/9 km/s) that allow a link period to a generic ground station of a period of 7 minutes. For
this reason, geostationary relay satellites are becoming an interesting option for this application.
With a Ka-band antenna, it is possible to transmit data at high rates (typically it can support a
range 10-100 Mbps for download) and, thanks to the increasing population of GEO satellites,

transmit a wider data volume in comparison with a classic direct download link to earth.

To maintain a continuous link (relay link) between a LEO satellite and a GEO satellite, two anten-
nas, that are able to point to the partner satellite and to be steered enough to assure the tracking of
its position, are required. It is useful to remark that the period of a GEO orbit is of 24 hours, the
one of a LEO orbit is of 90 minutes, a GEO orbit has an average altitude from the surface of the
Earth of 36000, a LEO between 160 and 2000 km. This means that steering rates required for a

pointing mechanism are [1]:

e LEO satellite: typ. 180 degrees in 45 minutes (4°/min);

e GEO satellite: typ. 22 degrees in 45 minutes (0.5°/min).

1-4
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Figure 2: The LISAns system [1].

There are different applications that require a larger amount of data to download: for example, re-
al-time on orbit servicing missions with higher images resolution, larger frame rates and larger

number of camera, or haptic feedback for a ground station operator.

During the last years, the DLR and the LRT have developed several models of the antenna. The
development of this first models led to the LISAms (Lightweight Inter — Satellite link Antenna —
Mechanical Steerable), a copper-galvanically manufactured antenna with a wave guide distribu-
tion network. The system is equipped with a 2-axes waveguide rotary joint included in the 2- axes
steering/pointing system of the antenna array. The spherical coordinates of the position of the lat-

ter in a half hemisphere were provided by:

¢ Elevation mechanism, angle 0-90°
e Azimuth mechanism, angle 0-360°

As previously told, the angular tracking velocity are high, if compared to the GEO application
(20°/ min in direct downlink) and due the narrow width of the Ka-band antenna (36db = 1.6°) a

precision of up to 0.16° is required for the steering mechanism.
1-5
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Figure 3: The Inter- satellite link [2].

1.2 Lisa APM Overview

In this paragraph the main functions of the antenna pointing mechanism are introduced. The re-
quirements of this two degree of freedom Antenna Pointing Mechanism (APM) is to maintain the
ISL, between LEO and GEO satellites, constant, and to guarantee the continuity of the communi-
cation link. The rates of the slip rings of this support are between 0.05deg/s to 5deg/s in both de-
grees of freedom, considering the much higher altitude of a GEO satellite looking at a LEO satel-
lite. To ensure a continuous link between satellites, the antenna must be accurately pointed. The
pointing itself is accomplished by two independent degrees of freedom (2Dof). Due to the small
antenna aperture and the high frequencies, the main lobe is limited to approximately 1.5°. The
tracking of a relay satellite involves a slow motion within a limited angular range. The required

angular ranges, velocities and pointing accuracies are summarized in the table below.
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specified tested
€ [°] 0- 180 = 180°
a °] 0 - 360 > 360°
gt [°/s] 0.05-3 > 10
at [°/s] 0.05-3 =10
£ [°/s?] 25 -5
as [°/s?] 25 >5
"“"err [GI <02 0.01
Ad,,, °] 02 0.05
weighi lkg] 3 49
height [mm| 200 255
diameter | [mm] 150 227

Figure 4: Comparison between specified and tested EM (electrical model) performances [1]

For a constant communication link, the APM must be capable of transmitting the continuous wave

(CW) Ka-band signal with a minimum loss through the mechanism at any operational time.

The usage of the APM on geostationary platforms is expected to have a lifetime of 15 years. For
these reasons all ball bearings and moving parts within the APM must be lubricated in order to

guarantee performance over lifetime.

The thermal environment for the APM phases has been distinguished between operational and
non-operational phases. During the non-operational phase the temperature of the APM shall re-

main within the limits of -40°C to +80°C, while for the operational phases within -20°C to +40°C

[2].

1.2.1 Azimuth mechanism

The azimuth axis is driven by a stepper motor identical to the elevation drive. Thus the overall
gear ratio of the azimuth is identical to the elevation drive. The rotation around the azimuth axis is
achieved by a 5:1 ratio spur gear and a 50:1 ratio harmonic drive. The spur wheel of the first stage

is directly attached to the elevation housing. The bevel is driven by another stepper motor (identi-
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cal to the elevation motor) with an integrated planetary gear. The adjustment of the spur gear is
critical to the azimuth pointing accuracy and must be carefully established due to the open expo-

sure of the spur gear.

The mounting of the azimuth RF-rotary joint is analogue to the elevation rotary joint. In this case
the 90° bent knee rotates together with the complete elevation assembly around the azimuth axis.
The final rotary joint part, which leads out of the APM into the satellite, is fastened to the azimuth
housing. The Azimuth housing comprises the complete elevation assembly, the RF exit to the
satellite and the mounting interface to the satellite structure. Analogously to the elevation housing,
this essential part of the APM is made of Aluminum 7075. The complete elevation assembly is
fastened to a hollow spindle, which is mounted in the azimuth housing. An unlimited rotation
around the azimuth axis is provided by the integration of a slip ring assembly. This slip ring pro-

vides electrical power and control signals to the elevation assembly.

1.3 Existing Hardware

At the beginning of this work, the hardware available, provided by the department of Astro-

nautics, included (the list and the whole setup will be better described in the next chapters):

1. a package containing the electronic hardware for the preliminary tests: An Arduino
Mega2560 board, wires, set of magnet of different size, and a small homemade rotating
arm to simulate the circular motion of the magnet, Hall sensors chosen from previous
work [4]).

2. The stepper motor inserted in the case of the pointing mechanism, including cogwheel and

elevation case fastened at the top of the rotating shaft of the Azimuth mechanism.
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3. A set of Microprocessors to make the motor move and to collect data from the Hall sensor
through the ADC; a board to connect each IC (Integrated Circuit) a communicate ??? to
the Laptop/PC connected for the tests.

4. Labiew2015 has been used to interface each component/board, display data, and to per-

form the motor rotation.

Figure 5: Model of the APM (Antenna Pointing Mechanism), [2]

1.4 Problem statement

The pointing direction is provided in a hemisphere by the two Azimuth and Elevation angles, con-
trollable trough the two stepper motors. Both of them require a system to find a starting position
from which to start the rotation and to use as a reference point, in case of power loss / shut down
of the main system and consequent loss of information on the position of the rotors of the pointing
mechanism. This information will allow us to know, in terms of degree, the relationship between

the absolute reference system and the relative reference system, both described below.
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1. Azimuth joint: the satellite/support is the absolute system of reference; the case of the ele-
vation mechanism is the relative/moving/rotating system of reference
2. Elevation joint: the case is the absolute system of reference; the antenna support is the rel-

ative system of reference

The required level of resolution will be an important aspect to consider: knowing less precisely
the absolute position of one shaft can inevitably lead to a wrong knowledge of its orientation, in
terms of current pulses in the coils of the motor: the device to design will be useful in case of
shut-down of the main-system and loss of all the information concerning the relative position be-
tween the stator (support) and the rotor (the shaft), due to an unpredicted event. In previous works
several sensing systems (magnetic sensors, proximity sensors, optical sensors) have been evaluat-
ed, that can efficiently provide the signal and the information used to detect the zero position, and

that could withstand reliably in the space environment. [2]

1.5 Outlines of the thesis

The aim of this thesis is to create a reliable sub-system able to detect the absolute position of the
rotation. In the first part (chapters 2 and 3) the requirements needed for the device, in term of
resolution, temperature and electrical constraints, have been analyzed. The state of the art on the
absolute encoders has been analyzed, focusing on the type most commonly used in the aerospace
sector with a resolution over 16-bit, both in the industrial and the scientific field, then has been
evaluated the most affordable and reliable configurations and methods for the system have been

evaluated, considering the available time, hardware and funds.

In chapter four the analytical model used, the physics behind the problem and the approximation
used in this context are explained. The sets of preliminary test are described. They have been

made to understand the possible shapes of the signal and the independent variable involved, their
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possible ranges for the simulations and the most convenient solutions to optimize the system of
detection of the zero position. Next, in chapter five, the setup used for the main tests is described.
The test was made to investigate the best possible solutions among the fit methods proposed in
chapter 4. Subsequently each hardware and software component (datasheet available at the bottom
of the paper) and the main aspects of the used setup, from a mechanical, electrical and computa-
tional point of view, are listed. The discussion continues with the description and discussion of the
test performed and the search of the most reliable method to find the absolute position, changing
the independent variables listed in the previous chapter and evaluating some ways to improve the
processing of the signal acquired. Chapter 7 is focused on the set of validation tests performed to
verify if the system developed is able to accomplish the required tasks: this was done using a laser
pointer stuck at the top of the rotating shaft used for the Azimuth mechanism that pointed on a
light-sensitive surface provided in the available PSD (Position Sensitive Device). The Hardware
used is described and the results obtained are discussed. In the last part of the thesis (chapter 8 and
9) a general discussion on the results is reported and the conclusions made, describing the final
mechanical and operational configuration chosen. The thesis ends with possible further develop-
ments and extensions of the studied method, and its integration in the LISA system, such as the

possible test to perform and the discussion on the elevation mechanism.



Development and testing of a system for detecting the absolute position of a pointing mechanism

Marco Scarambone

1-12



“\ﬁ_' S‘;/
Development and testing of a system for detecting the absolute position of a pointing mechanism K[ Ty B 2\

|| %S/

Marco Scarambone %«

2 ENGINEERING REQUIREMENTS

2.1 Chapter overview

In this chapter the technical requirements that the device must satisfy are listed. A precision up to
16-bit of resolution in the detection of the zero position is needed. The temperature range that the
instrumentation (sensor, circuit, gears, micro-controller) has to face, being exposed to the space
environment, both in LEO and in GEO, will be analyzed. In the last paragraph the problem of the
restart of the main system after a shut-down will be described: the device will have to gather the
information after the restart of the motor without any memory of the previous activity, considering
the computational constraints that the main computer of the satellite has, like the limited CPU fre-

quency.

2.2 Resolution requirements

In space applications, most of the pointing mechanisms require a very strict precision and reliabil-
ity features: talking about the APM and its stepper motors, (motor has a resolution of 200 steps
per revolution, and the gear ratio is of 250 with respect to the main cogwheel/motor shaft a resolu-

tion of 16-bit is needed, that means, in terms of degrees:

16-bit = 2'¢ = 65536 positions  360/65536 = 0.005431°. (2.1)

To give an idea of the precision of the device: the zero position requires an angle information of at
least three digits of precision after the comma. The signal that will be displayed through the sen-
sor will be a function of different variables, such as the position of the magnet on the cogwheel
and the rate of the main cogwheel: for instance, having a slower rotation speed of this mechanical

element will lead the user to a flatter/wider signal that will need to be processed with an express
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software to yield the exact angular position; on the other hand, having a too high rotational speed
will provide a signal that results too “slim* (enhancing the shape of the signal in figure 6a) to be
sampled without a higher resolution and a high sampling frequency. The right trade-off between

the two listed conditions is needed.

— | d
8 10 12 18 16 18 20 2 ¥ % 28 N 0 3 I 6 8 10 12 14 16 18 20 2 24 2% B 0
Time Time

Figure 6: Different shapes of the signal: (a) thinner shaped and unclipped signal (b) flattened
shaped and clipped signal

Similar considerations can be done when considering the position in which the sensor/magnet,
will be placed: by increasing the distance from the rotational axis of the cogwheel, assuming that
the rotational speed is constant, the tangential velocity grows. This can be easily evaluated by us-

ing the well-known formula:

V=w*r [m/s] whit w = 2pi/T [rad/s] (2.2)

For this reason, having a sensor near the axis will provide a flat signal, while having it far from

the axis will result in a thin one.

Furthermore, the shape of the signal could be assumed for most of the cases symmetric, but it is
necessary to consider some factors depending on the used sensor used. For instance, a magnetic

sensor could be influenced by events like the proximity to some magnetized part or to the earth
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magnetic field, and an optical sensor by some unpredicted path of light detected by the sensor. In-

deed, some attention has to be paid to the environment in which the sensor has to operate.

Another constraint to consider is the capability of the satellite processor: it is not possible to use
an algorithm which is too “heavy” in terms of calculations. It is fundamental to adopt a light
method with a reduced amount of operations. Most of the time, the CPU of a satellite is not com-
parable to the one of an average computer available on the market today, for this reason, the test
that will be performed from the simplest algorithm, the threshold method, will start by assuming

the plot of the signal as symmetric.

2.3 Temperature requirements

The space environment is characterized by extremely harsh conditions and, most of the time, forc-
es an engineer to design systems able to resist to really adverse situations: one of these aspects is
the thermal environment. For a specific device, being exposed to the space means to face a wide
range of temperatures, that could go, in the most critical environments, from nearly the absolute
zero (-273° C) to the temperature of the sun surface. As far as the temperature range for our appli-
cation is concerned, it is important to consider a satellite orbiting in LEO (Low Earth Orbit) and
GEO (Geostationary Earth Orbit). In this paragraph the main aspects of these two kinds of orbits

in terms of power absorbed by the spacecraft will be briefly described.
2.3.1 LEO thermal environment

The following table summarizes the range of Direct Solar, Reflected Solar (Albedo), and Plane-

tary Infrared light from the planet Earth.

Table 1: Thermal power received by a LEO satellite

Perihelion Aphelion Mean

Direct solar 1414 W/sqM 1323 W/sqgM 1367.5 W/sgM
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Albedo (global annual 0.30+/-0.01 0.30+/-0.01 0.30+/-.01 W/sgM
average)
Planetary IR (global 234 +/-7 W/sgM 234+/-7 W/sqM 234 +/7 W/sgM

annual average)

The variation in the solar constant of approximately +3.5% about the mean value of 1367.5 w/m2
is due to the eccentricity of the Earth orbit. Perihelion (closest position to the Sun) occurs on or
near December 21 each year and aphelion (furthest position from the Sun) occurs on or near June
21. For spacecraft thermal balance problems, this variation is frequently ignored, and either the
perihelion value of 141 w/m2 or the annual mean value of 1367.5 w/m2 is used.

Another aspect that has a much more profound effect on Direct Solar energy for LEO missions is
the orbital Beta angle which, in combination with altitude, determines the percentage of time
spent in sunlight. Beta angle is defined as the angle between the orbit plane and the vector from

the Sun as shown below.

SOLAR
WECGTOR

|
Bata Angle

CREIT PLANE

FOLAR SREIT,
S HA DO 3?&?3& LAUHNCHED AT
T oAl HOOH
SR MIDHIGHT

BE=0

H
SOLAR POLAR OREIT,
VEGTOR LAUHCHED AT
4 ———————— |ocaL Dawn
CR OUSK
B =30




Development and testing of a system for detecting the absolute position of a pointing mechanism

Marco Scarambone

Figure 7: Beta Angle [7].
The extreme effects on orbital shadowing are shown above. For a polar orbit launched at local
noon or midnight, the resulting initial Beta angle is O degrees which gives maximum Earth shad-
owing. For an orbit altitude of 280 km, which is the lowest generally practical considering orbital
decay physics for a LEO orbit, the resulting sunlight is 59% of the orbit time (i.e., about 53
minutes of sunlight, 37 minutes of shadow, a LEO orbit lasts one hour a half). Similarly, a polar
orbit mission launched at local dawn or dusk results in a 90° Beta angle, with 100% sunlight.
Beta angle depends on all the following variables and it is therefore somewhat complex: inclina-
tion of the orbit, altitude, time of the mission, time of the year of the launch, and time of the day
of the launch. It varies as the mission progresses due to changes in the Earth-Sun inertial relation-
ship (rotation of the Earth around the Sun), and orbit precession effects (non-uniformity of the
Earth's gravitational field, etc.). The extreme values of the Beta angle over a year's time for a mis-
sion launched at a given orbit inclination, denoted by I, are +/-(1+23.45) degrees. In other words,
for a launch from KSC, with 1=28.5 degrees, the Beta angle will vary from about +52 degrees to -
52 degrees over the course of a year.
The fundamental effect of the Beta angle is its influence on the percentage of sunlight during any
given orbit. Note that the percentage of sunlight does not fall below 59% for normal LEO mis-
sions.
The variation in the Earth's albedo is a function of latitude, cloud cover, ice fields and the time of
year.
The albedo of the Earth is normally treated as fully diffuse, but there has been some theoretical
work implying the reflection (forward scattering) of the polar ice caps.
The Earth's planetary infrared emission is a function of latitude, cloud cover, large area weather
phenomena, land masses, forestation, and the time of year. Note that the peak values are in the

tropical zones, about 20 degrees either side of the equator, and the minimums are at the poles
2-17




where the albedo is maximum. As in the case of albedo, most spacecraft thermal balance prob-
lematics ignore the variations and assume a uniform emission of 241 W/sq. M (81 BTU/sq.).

Again, long duration polar missions should consider the reduction of emissions at the poles [15].

2.3.2 GEO thermal environment

The following table summarizes the range of direct Solar, Reflected Solar (Albedo), and Planetary

Infrared radiation for a Geosynchronous orbit about Earth.

Table 2: Thermal power received by a GEO satellite

Perihelion Aphelion Mean
Direct Solar 1414 W/sq M 1323 W/sq M 1367.5 W/sq M
Reflected Solar 7.19 W/sg M 6.72 W/sq M 6.95 W/sqg M
(Albedo)*
Subsolar Peak 2.72 W/sg M 2.54 W/sqg M 2.63 W/sgM
Orbit Average Plane- 5.52 W/sqg M 5.52 W/sq M 5.52 W/sqg M
tary Infrared

The thermal environment in Geosynchronous Earth Orbit is much simpler to define than in LEO.
The direct solar thermal power varies only with the time of year except for two occultation peri-
ods when the spacecraft enters the Earth shadow each year. This occultation occurs every day
over a 45- to 50-day period, twice a year, and lasts up to 71 minutes.

Both the reflected solar terms and planetary infrared terms are small in GEO. In the table above,
the view factor from a spacecraft at 35,743 km (22,204 St. mi.) has been included since altitude is
constant. In addition, for the reflected solar term, an orbit average value is shown. The values of
these terms are so small at this altitude that they are encompassed by any reasonable uncertainty

in the direct solar term.
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2.4 Electrical requirements

One of the features that the device needs to satisfy is the capability to start from an unknown posi-
tion and detect the zero position with one or more maneuvers. It is common for a satellite and its
components to be shut down during their lifetimes for some reason; for instance, we can consider
the Rosetta Mission, that during its ten year trip around the solar system reaching the comet 67/P,
entered in the so called hibernation phase, during which it was shut down for 11 months because it
was considered useless to keep it operative during such a long phase of inactivity as the final trip
outside the Asteroid belt. A shut down of the system can be predicted or unpredicted and the de-
vice that will be developed will have to be reliable even in this case.

The motor that moves the joints is a stepper motor: this kind of electrical motor works using the
well know Faraday Law that relates the amount of current with a certain variation of magnetic
flux (magnetic field in a certain area). The basic principle of the motor is that the position of a ro-
tating shaft is associated with a combination of the current inputs: specifically, each angle that the
shaft can take is a unique function of the actual combination and the positions of these inputs.
This means that, without laborious calculations, there is no relationship between a given position
and the previous one and a user is not able to estimate the actual position of the rotor in case of
loss of information caused by an unpredicted event that lead to the shutting down of the whole
system.

This thesis will provide a simple and quick way to find the position that is reliable for a user ???,
thus avoiding complex procedures to estimate it and the need to keep record of each position pre-
viously assumed by the rotor.

Another requirement to consider is the limited capability of a spacecraft CPU: at the state of the
art, a space qualified CPU like the RAD470, used for example on the Curiosity rover, landed on

Mars in 2012, or in the Juno probe, programmed flyby to Jupiter 2016, has a maximum clock rate
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between 110 MHz to 200 MHz, almost, for example, one tenth of the capability of an average PC
at the department of Astronautics in Garching (Munich). The method that will be implemented

has been chosen also for its simplicity and fast use.

,/‘E

Figure 8: RAD750, CPU for space applications
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3 ENCODER BACKGROUND

3.1 Chapter overview

In this chapter several types of encoders, available in the industrial field today, will be presented,
considering the previously listed requirements. Based on previous works, the magnetic sensing
technology has been selected, since it is able to resist to a wider range of temperatures. Then, the
technical differences between the on and off axis encoder and the absolute and incremental encod-
ers will be described. The chapter continues describing some of the different configurations that
are used in the space sector to detect the absolute position of a generic shaft, and which of their

features have been used for the development of the proposed device.

3.2 Types of sensing system

3.2.1 Valuable alternatives

An encoder is a device that provides the information on the angle of a rotating system. There are
several ways to detect this information and in the recent decades the technology, thanks to the
huge development of the electronic sector, has made it possible to have more compact and precise
sensors, suitable for application in the space industry. Based on the way the angular position is de-
tected, it is possible to distinguish: magnetic encoder, optical encoder and potentiometers. Based
on previous works [3], these three technologies have been selected as the best options in the
space, which is characterized by a harsh thermal and pressure environment. Hereafter the main

principles underlying their functioning are described:
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1. Magnetic encoder: a semiconductor is able to change the amount of current that is flowing
in the circuit by the proximity a polarized magnet, as it will be explained in the next para-
graphs (Hall sensor technology), properly placed in the geometry of a rotating shaft.

2. Optical encoder: it is able, by means of a photodiode or a photo-resistance, to detect the
amount of light coming from a light source. Most of the time, the device is coupled with a
hole, allowing the sensor to detect its position by changing the amount of incident light.
The most famous configuration of this encoder is the Gray code encoder.

3. Potentiometer: by changing the angular position of a needle placed at the center of a circu-
lar resistance (most of the time a coil) the amount of current through the cable will change,
by the 2" Ohm’s Law, providing a signal which is a function of the position of the rotating

shaft.

Based on the geometrical aspect of the encoder, we are able to distinguish other two kinds of en-

coders:
1. On-axis encoders: an encoder that is located on the rotation axis of a generic rotor.
2. Off-axis encoder: an encoder that is located outside of the rotation axis of the rotor.

Next paragraph will be focused on the working principles of the magnetic encoder and will de-

scribe some of the possible configurations suitable for this work.

3.2.2 Magnetic Encoders

The magnetic encoder here considered uses the Hall-effect sensing technology. A Hall-effect sen-
sor is a type of transducer that is able to detect the presence of a magnet in its proximity, by the
variation of the module of the magnetic field of the environment. There are a high variety of ap-
plications in the modern technology, especially in the space sector. This sensor is able to give in-

formation on the position, velocity and acceleration, of a motion.
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The simplest configuration in which it can be used is as an analog sensor that provides a voltage
as an output: knowing the magnetic field provided by a magnet it is possible to determine its dis-
tance from the detecting surface. By combining different magnet/sensor systems, a user can know
the position of an object in the space. This kind of sensor is widely used in the industrial sector:
from the determination of the position of a piston in an internal combustion engine to an anti-lock

braking systems (ABS).

As in the majority of the industrial fields, the development of the semiconductor technology pro-
vided several advantages in the construction and the way we use these sensors: for example, the
most common component used is the indium Antimonite, which is mounted on an Aluminum
plate, all encapsulated in the main head. The positions of the crystal of Indium are perpendicular
to the probe handle: when feeding the probe, the positions of these crystal change. When the sen-
sor is in close proximity to a magnetic field, it will sense the Hall-effect through the Lorentz force
expressed on electrons. The effect will be similar to a charge separation and it will lead to the cre-

ation of positive and negative areas.

The current is a flow of charges; when they pass through the sensor held in the proximity of the

magnetic field they change their path providing a change of voltage (known as Hall-effect Volt-

age).
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Figure 9: Schematic view of the working principle of a Hall effect sensor

Indium is not the only material used for the construction of this kind of sensors: Gallium Arse-
nide, Indium Arsenide, Indium Phosphide and Graphene are also commonly used for these appli-

cations.

These are some advantages in this technology: lower cost with respect to a mechanical switch but
higher reliability, operative range up to 100 kHz, possibility of using it in different environments
(it cannot be affected by contaminants) and, most of all, they can operate in a wide range of tem-
peratures. In the last year the research has extended the range of admissible temperatures (from -
270° to 300°) [5], thus perfectly matching with the previously mentioned requirements in chapter

2. A Hall sensor can, besides, measure both a positive and negative magnetic field.

As far as the disadvantages are concerned, we have a low accuracy: the shape of the signal is a
function of the distance of the magnet [4] and for slow rotation it can become more flat, decreas-

ing the possibility of a sufficiently precise position as required by this application.

Commonly, a magnetic encoder uses a series of magnetic dipoles to survey the position of a mag-

net on a shaft: The Hall sensor, combined with an express software (a specific algorithm), will be
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placed on the stator thus making the encoder capable to detect the magnet. Therefore, a micropro-
cessor/microcontroller will be required, to take the information from the sensor, used as an input

for the calculator, and, after having processed it, to evaluate the angle of the shaft.

3.2.3 Absolute Encoders, On/off axis Encoder

An absolute encoder is able to keep the information on the position of a rotation shaft in case of
removal of the power. It is possible to obtain it once the system power is restored. Differently
from a generic incremental encoder, it does not require a recording of the previous position. In-
creasing the resolution means to increase the precision of the position to be detected, as previously

introduced.

An on-axis magnetic encoder typically uses a Neodymium diametrically polarized magnet cou-
pled with a Hall-effect sensor array: placing the magnet over the surface of the sensor (contact is
not required), the latter will be able to capture the orientation of the magnetic field provided by
the magnet poles as shown in figure 10. The magnet is usually stick or sold to the rotating shaft,
perfectly aligned with the rotation axis: in this way the reference system of the magnet will be the

same of the shaft one, providing its angular position.

Figure 10: A common on-axis magnetic encoder
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Figure 11: a) A common magnetic field distribution over an AS5145 sensor with a magnet (6x3
mm) diametrically magnetized b) vertical field component

The other type of magnetic encoder is the off-axis encoder, with the sensing system placed out of
the rotation axis. Commonly, a magnetic off-axis encoder can use an array of magnetic stripes
placed in the rotating component. The working principle is similar to a Gray code optical encoder,
replacing the optical pattern with a magnetic dipoles pattern: the sensor, passing over the source
of the signal, will be able to recognize the position of the shaft by combining the signal sources.
The resolution of these sensors increases with the complexity of the patterns. Another way to pro-
vide the signal for this kind of sensors is to use a magnetic polarized ring, as shown in the picture

below.

Figure 12: A common off-axis encoder (AS5304, 12-bit of resolution)
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3.3 State of the art/patents consulted

Based on previous articles [4], the magnetic technology has been selected for the construction of
the device: a few configurations for the magnetic encoder have been considered before starting the
work, focusing on those that have specific application in the aerospace field. A research in the in-
dustrial field has also been performed, trying to evaluate the cost-benefit relationship of a generic
absolute encoder. For a higher resolution than the required 16-bit resolution, the cost ranges from
800 € to 1000 €. Just to give an example, an absolute encoder with a housing of 38 mm of diame-
ter, 17- bit of resolution, and an operative temperature ranging from -15° to 100° costs 833 €, with

22-bit of resolution 1,433 € [9].

Figure 13: Absolute encoder Dynipar AC36, 17-bit of resolution
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3.3.1 High resolution absolute orientation rotary magnetic encoder

6 bit angular resolution
On-axis Sensor

Connector

Figure 14: Magnetic encoder configuration with on/off-axis magnetic sensor

The patent combines the information from an off-axis encoder and an on-axis encoder; to this end
a polarized ring needs to be placed coaxially to the shaft and to rotate with it, plus a central mag-
net must be placed over the on-axis sensor that has to move with the magnetic ring. The first sen-
sor is placed over the magnetized ring, and is able to detect, by the changing of the voltage, the
polarization of the portion of the ring in which it is placed at each time. Is required that the num-
ber of the pole pair dipoles matches the angular resolution of the on-axis sensor, achievable with a
preliminary work of precise calibration. Then, the off-axis sensor will hover the portion of rota-

tion covered by each single magnetic dipole, by discretizing it with a resolution of 12-bits.

It is important to consider some numbers for a better understanding of the device. For instance, an
angular resolution of 18-bit can be obtained by combining a sensor of 6-bit of resolution on the
on-axis sensor, and the 12- bit resolution sensing system. Matching the resolution of the on axis
sensor and the pole pair solution is of fundamental importance (as explained in the patent [9]), this

allows the user to:
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1. Divide an entire turn, with the 6-bit resolution on-axis encoder in 64 steps (2°=64,

360/64=5,5625°);

2. Divide further the obtained angle of 5,5625° in 4096 steps (2'*= 4096, 5,5625/4096 =
0,00137°);

This is equal to 360/2'® that corresponds to a resolution of 18-bits [8].

However, this configuration cannot fit the needs of our pointing mechanism for several reasons:
first of all, the center of the axis is “filled” by the wave guide in this mechanism (the rotation axis
is coincident with the rigid system that allows the signal to “flow” to the main system), so the on-
axis sensor has to be rejected; furthermore, a preliminary precise calibration procedure is required
in order to adapt it to the system and, in this work, this was not possible. Finally, considering the
required money and resources, the multipole magnetized ring is not a cheap component (during
the research some magnets manufacturer, like Dexter Magnetic Technology or Supermagnete,
have been consulted). For the example showed here, an AS5311 for the off-axis sensor (working

principle showed in figure below) and AS5145 for the on-axis sensor have been used.

absolute output: 0....4095 |0....4095 | 0....4095 | 0...4095! 0....4095! 0....4095

Figure 15: The AS5311 in a linear sensing mode (off axis sensor).

However, this patent results useful to understand the meaning of resolution and for the future con-

siderations that will be made in this thesis.
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3.3.2 Disk type of an absolute-position magnetic encoder for rotary devices

The working principle is similar to that of a Gray code optical encoder. In this case the source of
information is not a light-source but an arrangement of permanent magnets; these are magnetic
rings shaped and mounted as shown in the picture to reduce the radius of the rotating component
They are placed coaxially one above the other and fastened with the rotating shaft. With the rota-
tion, the system will provide as output an array of binary identification signals as shown in the
picture (b). Using this array of outputs, it is possible, through an express calculator, to evaluate the
position of the shaft in each moment. The sensing technology can be placed outside (on the sup-
port) or inside (in a fixed shaft) the drum made of permanent magnets, as showed in the picture
below. By increasing the number of polarized coaxial magnetic rings, it is possible to improve the
resolution of the encoder but this can also be achieved by increasing the diameter of the rings, al-
lowing to host more dipoles and further improving the resolution [10]. This configuration requires
several hardware components to reach the position with the required resolution: for example, to
have a resolution of 16-bit would mean to have an array of 16 sensors and 16 magnetic rings of

the same diameter that would lead to a too large device.

Figure 16. Manufacturing of the drum and sampling of the signals
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3.3.3 Rotation detecting device and bearing assembly.

Another practical configuration can be obtained by placing the magnet rings coaxially but in the
same rotating plane, as shown in figure 15, with the corresponding number of Hall-effect sensors
placed over them. By rotating, the sensor will detect the magnetic field of the ring providing a
signal that can be easily approximated with a sinewave function, with a constant period coinciding
with the width of the pole magnet. As in the previous example, the polarity of the magnet of the
rings is alternated as shown in figure 15. The key feature is to have a different number of poles for
each whole ring (i.e. see figure 17 below), this can provide two different sinewave plots with dif-
ferent frequencies. Considering these amount of dipoles in the magnetic rings, the amplitudes of
the two plotted sinewaves will be equal only for some rotation angle, as shown in the figure 18.
The information on each position of the rotating component is obtained by evaluating the phase of
each plot and by comparing them to each other (by subtracting one to the other). In this way we
can obtain the delay of one of the two plots compared to the other: this delay can be converted in-

to an angular position with an express calculator.
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Figure 17: Set up of the magnetic rings
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Figure 18: Outputs from the magnetic sensors placed in the considered patent

The advantage of this set up is to allow a sensor to sample the trend of the magnetic field and fit
the data with an approximate sin function with a constant frequency, that function can be used as

mathematical parameter to find the zero-position.

3.3.4 Enhanced revolution

Another solution to easily detect the zero position that has been evaluated during the study can be
obtained by using a gear-box to enhance the revolution of the main cogwheel. Considering the

well-known relation of the gear train:

N1/N2 = W1/W2 (3.1)
In the equation N1 and N2 are respectively the numbers of teeth of the first and the second cog-

wheel, W1 and W2 the rotating velocity, it is possible to see that increasing the gear ratio we can
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increase the velocity of the second wheel. Placing a magnet on a wheel sold in the same shaft of
the second wheel is equal to having a magnet positioned at a higher distance from the main rota-
tion axis; this allows to have a thinner signal displayed through a Hall sensor, using the considera-
tion made in paragraph 2.2 (figure 6). The set up can be better understood by observing the CAT-
IA file shown below. In the figure 19 20 two Hall sensors placed in an express support row can be
seen: the one that is placed on the top surface of the row is able to detect the presence of the mag-
net placed in the main cogwheel; this can give to the user an idea of which portion of the rotation
the zero position is in. The second Hall sensor, placed beneath the support row, will detect a mag-
net placed on the rotating flywheel; this one will display a signal much “thinner” than the one for
the magnet detected on the main cogwheel. Therefore, this signal, during the rotation of the main
cogwheel, will be repeated for a number of times equal to the gear ratio of the joint: the function
of the first Hall sensor is to distinguish which of these signals is the one that provides the zero po-
sition. This solution will be taken into consideration in the case in which the first tests, mechani-

cally more simple, will fail to give a precise detection of the zero position.

Figure 19: Isometric view of the mechanical improvement
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Figure 20: Set up for enhancing the revolution of the main cogwheel
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4 ANALYTICAL MODEL

4.1 Chapter overview

The purpose of this chapter is to describe the main aspects of the selected configuration. In the
first paragraph the series of preliminary tests performed with the Arduino instrumentation will be
listed, describing the Hardware and the Software used. Thus, the way in which the setup will op-
erate to record the signal and the way it will be processed to find the position will be described,
analyzing its shape, what is the best mathematical approach among the ones considered in the pre-

liminary tests (peak detection, threshold, cubic spline, b-spline, coupled sensors).

4.2 Preliminary tests

4.2.1 Hardware setup

In the first part of the work some fit interpolation methods have been studied and tested using a
coarse simulation of what would be the shape of a signal displayed from a sensor in an analog

output. The LRT department provided a box containing of the following items:

1. An Arduino Mega2560 Board.

2. A Hall effect sensor SS495A1 [12].

3. A set of Ni-Cu-Ni magnets of different dimensions (S-05-08-N).
4. Wires.

5. Breadboard.

After a simple setting of each pin, a VI has been created with LabVIEW, to display the Voltage
variation on the laptop screen, through the Lynx interface, an express software patch optimized for

the exchange of data between LabVIEW (Software) and Arduino (Hardware). Making the magnet
4-37



5E

GRS

x5

7
\4\ Development and testing of a system for detecting the absolute position of a pointing mechanism

Lr

5
&/ Marco Scarambone
hover the sensor (with a raw rotating mechanism), it was possible to see voltage variation in a cir-

cuit on a Waveform Graph display on the VI. By an express homemade joint, it was possible to

simulate the motion of the magnet stick on a shaft rotating over the sensor, and, by changing the

speed of the joint, to observe the signal shapes change.

4.2.2 Shapes of the signal
As previously discussed, the shape of the signal changes as a function of the rotational speed: a

high rotational speed provides a thin/slim (figure 6a) signal and a low rotational speed provides a

flattened shaped signal. The signal is displayed in a Voltage range between 0 and 5 Volts, where:

~ 5 Volts corresponds to proximity to the magnet’s positive pole.

~ 0 Volts corresponds to proximity to the magnet’s negative pole.

~ 2,5 Volts corresponds to no magnet detected.

The signal was recorded only when the Voltage exceeded the value of 2.7 Volts, as shown in fig-

ure 22. In these preliminary tests the signal in an array of 30 points through a shift register has

been plotted, with a sampling rate of 25ms. In the next paragraph it will be described how this ar-
ray of points has been used to find the point of interest of the signal. The most promising methods

are listed below, according to their increasing complexity: during the test phase the interpolation

fit-methods have been tested simultaneously for a most efficient comparison.

4.3 Starting data, variable evaluation

Independent Variables/Dependent variables

4.3.1
As previously mentioned, the independent variables involved in the problem are the following

1. r: distance from the rotation axis
2. w: rotational velocity of the cogwheel (= v: linear tangential velocity)
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3. d: diameter of the magnet

4. sr: sampling rate

5. V:threshold voltage

6. Methods used to process the signal

7. z: distance between the magnet and the sensors

By changing these elements, will be possible to have a different output in this problem. This out-

put is described by the following parameters, that represent the dependent variables.

1. Shape of the analog signal (dependent on the chosen rotational speed and threshold volt-
age)

2. Shape relative to time axis (dependent on the rotational speed)

3. Discretization (dependent on sampling rate, speed of the rotor, it will provide a higher or
lower resolution on the x axis of the signal plotted)

4. Analog/Digital resolution (dependent on the rotational speed and the sampling rate)

5. Shape relative to the z-axis (Voltage) (dependent on the distance of the magnet from the
Sensor)

6. Zero position of the rotation (dependent on each of the dependent variables)
The table shows the possible variable ranges for the application:

Table 3: Independent variable ranges

Independent Variable / Parame- Ranges / Step Size Comment
ter
ROTATION RADIUS (r): 40 mm, 50 mm, 60 mm, 70 mm Range of distances allowed
by the geometry of the cog-
wheel

VELOCITY (w): (main cogwheel): 1°/sec, 5°/ sec, 2°/sec, 10°/sec Range of velocity similar to
the ones during the opera-

tive phase
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3 DYMENSION OF THE MAGNET 2mm, 3mm, 5mm Diameter of the magnet
(d):

4 SAMPLING RATE (sr): 10ms, 5ms, 1ms, 0.5ms Just to have preliminary idea

(in the future won’t be al-
lowed by the spacecraft CPU)
5 ANALOG RESOLUTION: 24-bit (Voltage range between 0 Best resolution allowed from

and 3,3V) the Arduino board and the

ADC

4.4 Signal processing methods

4.4.1 Peak detection

The simplest way to find a signal could be finding the peak of the curve displayed. This hypothe-

sis is true only in the case of a symmetric and thin signal. The advantages of this method is to be

cheap from a computational point of view: the CPU of a spacecraft usually is not sufficiently

powerful to accomplish several operations in a small amount of time and a simple method like this

has to be tested to ensure its reliability, due the sensitivity of the sensor to the environment in

which it is located (temperature dependent, radiation).

4.4.2 Mid-point finder

Another easy way to determine the point of interest of the signal is to use the its mid-point. As-

suming, from the previous hypothesis, a symmetric shape is possible to find the position of the

shaft when it is in the middle of the signal. This method could be less affected by the noise present

in the environment with a proper selection of the starting and ending points when the voltage ex-

ceeds a threshold value previously imposed. For the efficiency of the method, a good choice of the

optimal threshold voltage (Vi) value is required.
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4.4.3 Cubic spline fit

Considering a more complex mathematical method, the Cubic spline method is a good alternative.
With an array of observations (X, Y) with X as the angular position and the Y the output voltage,

the cubic spline fit works by minimizing the following function:

2-l ¥t 4.1
prz- Oy = Flx)P +1(1 —p)_L AR (x0 dx @D
i=l] o

Where:

1. pis the balance parameter.

2. Wi is the weight of the ith element.

3. yiis the ith element of Y.

4. xiis the ith element of X.

5. f"(x) is the second-order derivative of the cubic spline function,

6. f(x). (x) is the piecewise constant
x)=1,xix <xit+l, fori=0, 1, n-2
where i is the ith element of smoothness.

By changing with the balance parameter (range 0-1) it is possible to obtain a function that best fits
the need of the user. After that, it is simple to find the peak of the curve. In the following figure it
is shown how the fits shape changing the balance parameter on a random array of sampled points.
The setting of this parameter is useful when we need to process a highly flattened signal: finding
the right value would mean to shape the output fit in a more parabolic way, enabling the user to

easily find his maximum.
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Figure 21: linear interpolation (grey), cubic spline with balance parameter equal to: 0 (purple),
0,9 (red), 0,9555 (blue), 1 (grey)

4.4.4 B-spline fit

The B-spine fit is a particular kind of spline that calculates the best B-spline-fit by minimizing the

residue according to the following equation:

#-1 #—1 (4.2)
1 e 1 2 .2
= 2w e b= Gl = Zwg -[l:x,- Y+l v) ]

=0 =0

where:

* N is the length of the vector Y.
* wi is the ith element of Weight
* (x1, yi) is the ith pair of the input sequences (X, Y)

* (x’1, y’1) is the ith pair of (Best B-Spline Fit X, Best BSpline Fit Y)

By looking at the obtained results we can observe that the plot of the fitted model tends to be con-

tinuous, by avoiding discontinuities (a behavior similar to the FFT). This allows to have a lower
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region in the center of the flat region of the signal: the minimum of this region can be used to de-
tect the central point of the signal (figure 22). As the previous one, this method is reliable in the
majority of the sampling cases but, considering the limited capability of a generic spacecraft pro-
cessor (200Mhz), it is not an affordable solution. In the next picture a comparison between the dif-

ferent fit methods is given.

Figure 22: Comparison between different fit methods: original signal (white), Gaussian fit (red),
B-spline (light blue, green)

4.4.5 Gaussian fit

This method uses the iterative general Linear Square method and the Levenberg-Marquardt meth-

od to fit data to a Gaussian curve in a form described by the following equation:

_x-wl,

f=aeex
2
20

¢ (4.3)
Where:
1. xisthe amplitude

2. M is center,
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3. o is standard deviation

4. cis the offset.
This VI finds the values of a, p, and c that best fit the observations taken (X, Y). The following
equation specifically describes the Gaussian curve resulting from the Gaussian fit algorithm:

: 2
V[-‘]=a‘exp—':’(["];21") e

- (4.4)
If the noise of ¥ = Y is Gaussianly distributed, use the Least Square method. The following figure
shows the Gaussian fit obtained using this method. The magnet noise affecting the displayed sig-
nal can be easily processed by this method at this level of accuracy but, as the previous two meth-

ods, it requires a superior amount of calculation to display the results.

2.2

1.75-

0-F— i — Least Square fit ""‘*--t::__'
—— Least Absolute Residual fit

— Bisquare fit
-0.5- 1 1 ] ] ] ] 1 ] ] 1
1 2 3 4 5 6 7 8 9 10 1

X

Figure 23: Different Gaussian methods

4.5 Linear approximation

The Zero position accuracy required is 16-bit, so, with easy calculations:
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2'°= 65536, 360°/65536= 0,005493° (4.5)

That is the required accuracy in angular terms. The table below shows an example of the angular
resolutions achievable, in terms of degree, with different sampling rates (rows) and different main

cogwheel rotational velocities.

Table 4: Angular resolution achievable by changing the main cogwheel speed and the sample rate

main gear 1 2 5 10

speed[°/s]

sampling

rate[ms]
0.5 0.0005 0.001 0.002 0.005
1 0.001 0.002 0.005 0.01
5 0.005 0.01 0.025 0.05
10 0.01 0.02 0.05 0.1

It is easy to see that by increasing the sampling rate of the device it is possible to achieve a higher
angular resolution, assuming a fixed angular velocity.

Some considerations to simplify the problem have been made: to obtain an easy analytical model
it is possible to switch from the angular configuration to the linear one, by adopting the small an-

gle approximation (<15° per step).

Figure 24: Geometrical elements to linearize the problem

h =r*sin(6) [mm] (4.6)
In this set-up, for angles under 15° it is possible to adopt the small angle approximation, to switch
from a non-linear function to a linear one and hence to consider the motion of the magnet as line-

ar. Starting from the well-known relationship:
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V = w*r [mm/s] (4.7)

V is the tangential velocity, w the rotational velocity and r the radius. Now, as the angular resolu-
tion required, also the linear has restriction in term of resolution. The next table shows the resolu-
tion required achievable in terms of linear distances [mm] as the the distance of the magnet from
the rotation axis, r [mm] changes; in the table it is easy to see how by increasing the distance (be-
tween the position of the magnet and the center of rotation) the linear resolution decreases (the
maximum linear/angular distance required between one sample and the next one is larger). In the
table below it is possible to notice that the most convenient configuration, in terms of allowed

sampling frequency, is the one corresponding to 70 mm of distance from the rotational axis.

Table 5: Linear resolution required for each selected radius

Radius [mm] Linear resolu-
tion required
[mm]
40 0.00376
50 0.00471
60 0.00565
70 0.00659

For different configurations, it is possible to achieve different linear velocities, expressed in mil-
limeter per second: this table list the tangential velocity of a generic point placed on a given rota-

tional radius and with a given rotational speed.

Table 6: Tangential velocity [mm/s] achievable changing the radius and the angular velocity

Rotational 1 2 5 10
speed [°/s]
Radius [mm]

40 0.698 1.396 3.490 6.980
50 0.872 1.745 4.363 8.726
60 1.047 2.094 5.235 10.471
70 1.221 2.443 6.108 12.216
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Table 7 below shows, using the results of the previous table 6, the linear accuracy achievable
[mm] with several sampling rates (sr) and different main cogwheel velocities, with a radius of
70mm (in grey the configuration allowed by the level of resolution required). In the table the
highest angular accuracy achieved is 0.0005° and the lowest 0.1°, the highest linear accuracy is
0.0006 mm and the lowest 0.122 mm. The most important fact that is shown in this table is that to
achieve a high angular or linear resolution it is necessary to have a low rotational speed of the
cogwheel and a high sampling rate.

Table 7: Angular resolution [°/s] achievable by changing the sampling rate and the rotational
speed (in grey the resolution allowed for this application)

Main gear 1 2 5 10
speed[°/s]
sampling
rate[ms]
0.5 0.00061 0.0012 0.0024 0.0061
1 0.0012 0.0024 0.0061 0.012
5 0.0061 0.012 0.03 0.061
10 0.03 0.024 0.061 0.122

4.6 Features of the clipped signal

Depending on the position of the sensor over the magnet, it is possible to obtain two different con-
figurations: the clipped or the unclipped signal. In the next two sections are exposed the main fea-
tures of and presented some of the most convenient methods to process it. After the test phase, the
unclipped signal has been selected as the most convenient solution to find the zero position; here
it is shown an alternative way to process a clipped signal too, in case the geometric constraints of
the support would not allow to freely choose the magnet/sensor distance.
Considering the clipped signal:

1. Main width (in the picture, Voltage exceeded: ~2.5Volts) length of the signal that has ex-

ceeded the threshold voltage of 2,5 V
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2. Width of the flat region (in the picture, Voltage exceeded: ~4.8Volts) length of the signal

when the voltage exceed the maximum voltage allowed by the hardware

Signal over thresold

width of the flat region

width of the signal

Figure 25: Characteristic parameters of the clipped signal

From preliminary tests: flat region, function of the dimension of the magnet (when the magnet
stands over the sensor, the voltage output, using a resolution of 10bit, appears constant on a value
around 4.8 Volts). It is important to keep in mind that this voltage amount is theoretically reached
when the face of the magnet starts to cover the sensitive surface of the Hall sensor.

Considering for instance the set-up used in the preliminary tests, represented in the figure below,
with a Hall sensor with a square sensing surface of 3x3 mm and a magnet of 3mm of diameter, it
has been observed that, using an analog resolution of 10bit, the VVoltage reaches 4.8Volts (ideally)
from the time at which the front side (considering the direction of the motion) of the magnet starts
to cover the sensing surface of the sensor, till the time the back side of the magnet stops covering

it.
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HALL-EFFECT SENSOR

Figure 26: Magnet crossing the sensitive surface of the Hall sensor
On a first approximation, the signal can be assumed to be symmetric for the following reasons:

1. The tests are performed in an environment without any magnetic perturbation, nor proxim-

ity to ferromagnetic materials.
2. The velocity of the cogwheel does not change.

3. The vertical distance of the magnet from the sensor is constant.

4.6.1 Check on the resolution:
This kind of motion (geometrical features chosen: magnet with a diameter 3mm, sensing surface

3x3mm) can be compared to the motion of a discrete point over the sensor whose length is the tri-

ple of the real surface length and hence takes the triple of the time to cross the sensing surface.
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postions of the magnet

1 2 3
signal displayed

Figure 27: Motion of the magnet over the sensitive surface of the Hall sensor

Table 7: Linear resolution required [mm] per each radius selected

Radius [mm] Linear resolu-
tion required
[mm]
40 0.00376
50 0.00471
60 0.00565
70 0.00659

Now, for a better understanding of the working principle, some examples are given: let us consid-
er a magnet of 3mm placed at a distance of 70mm from the rotation axis of the shaft, that rotates

at:

=

1°/sec, sr = 10ms
2. 1°/sec, sr=5ms
3. 10°/sec, sr =0.5ms

1. Angular velocity 1°/sec: linear velocity of the magnet (whose radius is r=70mm): v =

1.221 mm/s
V =s/t(s=9mm) > t=7.371s

N =t /sr (sr=10ms) = 737.1 = number of samples in the flat region of the signal
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Check procedure on the resolution: 9mm/737=0.0122 mm -> not good enough (>0.00659 mm, see
table of the linear resolution required).
The sr needs to be increased.

2. Angular velocity 1°/sec: linear velocity of the magnet (r=70mm): v = 1.221 mm/s

t=7.371s
sr=5ms
N =t/sr =1474.2

9mm/1474 = 0.0061mm - ok! (< 0.00659mm)

3. Angular velocity 10°/sec: linear velocity of the magnet: v = 12.216 mm/s

t=0.7371s
sr=0.5ms
N =t/sr =1474.2

9mm/1474 = 0.0061mm -> ok! (<0.00659mm)

The same calculations have been done for each pair speed/radius. The table shows the lowest
resolution/sample rate in [s], among the ones chosen for these tests, allowed for each configura-
tion, diameter of the magnet 3mm, with the corresponding linear resolution achieved [mm] (strict-

ly less than the values appearing in table 7):

Table 8: Lowest sampling rate allowed to reach the required resolution

Rotational 1 2 5 10
speed [°/s]
Radius [mm]

40 5(0.00349mm) 1(0.00139mm) 1(0.00349mm) 0.5 (0.00349mm)
50 5 (0.00436mm) 1 (0.00174mm) 1(0.00436mm) 0.5 (0.00436mm)
60 5(0.00523mm) 1 (0.00209mm) 1(0.00523mm) 0.5 (0.00523mm)
70 5 (0.00615mm) 1 (0.00244mm) 1(0.00618mm) 0.5 (0.00618mm)
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In the previosu table we can see how the distance from the rotation axis does not affect signifi-
cantly the required sampling rate. Considering the range admitted in the future tests, having a
magnet close to the rotational axis or far will not have an influence on the hardware required for

this accuracy.

4.6.2 Signal width as function of the number of samples

In the next table 9, differently from the previous one, the number of samples used for the flat re-
gion (N) is shown, with the same geometry considered (3x3 mm of sensing surface and 3 mm of

diameter of the magnet)

Table 9: Estimated number of samples on the flat region, for a magnet of 3mm of diameter over a
sensitive surface of 3x3 mm

Rotational 1 (5ms) 2 (1ms) 5 (1ms) 10 (0.5ms)
speed [°/s]
Radius [mm]
40 2578 6474 2578 2578
50 2064 5172 2064 2064
60 1720 4306 1720 1720
70 1463 3688 1463 1463

It is easy to see how the solution with the highest distance from the rotation axis (70 mm) uses the
smallest number of samples. The width of the flat region (number of samples) as a function of the
time, the rotational speed and the dimension of the magnet (fixed 70mm radius), obtained with the

sampling rate previously selected for each case:

Table 10: Number of samples required for each magnet diameter and rotational speed

Rotational 1 (5ms) 2 (1ms) 5 (1ms) 10 (0.5ms)
speed [°/s]
Dimension of
the magnet [mm

2 (s=7mm) 1146 2865 1146 1146
3 (s=9mm) 1474 3683 1473 1473
5 (s=13mm) 2129 5321 2128 2128
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NOTE: We can easily see that the most convenient solution is to choose the smallest magnet (less
number of samples).
The goal of the tests will be to find the right threshold voltage that allows the user to have the

same number of samples calculated in the analytical model.
4.6.3 Proposed algorithm

Here is proposed an algorithm for the processing of the signal obtained in case of unclipped sig-
nal. The loop is able to adjust the threshold voltage comparing the number of samples obtained in
the first sweep of the magnet over the sensor with the expected ideal number. For each loop a new

sweep is required.

Inputs (starting threshold voltage (V+), rotational speed (w), radius (r), dimension of the magnet
(d))

1. V, linear/tangential velocity of the magnet

2. Dimension of the magnet - s (ideal width of the flat region) - t - N; (ideal number of

samples)

3. Record signal when exceeds the stated threshold voltage = N (real number of samples)

4. If Ni > N; - increase Vi

5. Ifelse Ni < N; = decrease V;

6. Else Nj=N;—=> N2 = Nmig = associate the angular position of the shaft to Nmid

4.7 Features of the unclipped signal

The choice of the best method is limited to a mid-point or a peak detection, with the use of the
other fit method to help the analysis: the way to process the signal shape it is simpler and hence

preferable with respect to the clipped signal. Whenever it is possible, it is advisable to place the
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posed in the previous paragraph. The tests presented in this thesis (chapters 5, 6 and 7) have been

made only with an unclipped signal.
4.8 Discussion on the size of the magnet
The LRT department provided a set of magnets of different dimensions. It has been noticed that

each magnet provides a different magnetic field magnitude. For this reasons, it is necessary to ad-

just the distance between the magnet and the sensitive surface: for instance, having a bigger mag-
net (kept the distance fixed), would provide a higher value of the maximum voltage reached at the
moment of maximum proximity with the magnet. Nevertheless, having a wider voltage range to
detect, provided by a wider “magnetic jump” from a bigger magnet is useless using an ADC or the
Hall sensor chosen previously; the voltage range is limited by the devices. Considering for in-
stance the ADC, the possible voltage range to display in a graph of LabVIEW varies between 1,6
V and 3,3 V. In terms of analog resolution, the size of the magnet is un-influent. As far as the
number of samples is concerned, having a bigger magnet would mean having a more flattened
shape (in both the clipped and unclipped signal case) of the signal and, in terms of data, a higher

number of samples o take to display the whole number of times that the voltage exceeds the

threshold value.
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5> TEST SETUP

5.1 Chapter overview

In this chapter the description of the selected configuration will be presented and the best way to
integrate it with the existing hardware will be proposed. The selected hardware like the sensors
and the mechanical component used and the way to control the motor are described and the me-
chanical constraints for building of the device like the gear ratio required for the running of the
device will be exposed. Subsequently, it will be described: the way the data are sampled, how the
sensors communicate to Arduino (electrical setup) with LabVIEW and the way in which the cir-
cuit has to be placed to fit the physical constraints of the existing hardware. Finally, an overview

of the files used and how they interact with each other will be given.

5.2 List of materials and methods

Here are listed the Software and Hardware components used to perform the following tests:
5.2.1 Mechanical:

1. Stepper motor (VSS Python stepper motor for ultra-vacuum application)

2. Rotating cogwheel (gear ratio with the motor: 1:250, considering the harmonic drive of the
mechanism (gear ratio 1:50) and the mechanical gear ratio between pinion and main cog-
wheel 1:5)

3. Breadboard

4. Support with a changing height (in this case made by a piece of wood stick bracket and the
sensors/ aluminum support)

5. Magnet stuck to the cogwheel (Ni-Cu-Ni), S-02-02-N
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5.2.2 [Electrical:

1. Arduino Mega2560 board (+ supplement for LISAns + ADC converter integrated)
2. Wires

3. Hall-effect sensor (SS495A1)

4. TMC4210+TMC2660 Motor Control Board

5. Connectors

6. VOLTCRAFT HPS-16010 (High-power laboratory power supply)

7. Resolver (EVAL- AD2S1210SDZ)

8. Laser pointer class 2 (Picotronic Laser module DI650-1-3(8x21)-ADJ)

9. PSD (S5990-01)

10. Arduino Mega2560 board (to interface PSD with Laptop used)

11. Laptop (Acer S3)
5.2.3 Software (LabVIEW VIs):

1. VI for the stepper motor control and settings of the its modes: Allow the user to set the
motor velocity, the mode and a target position)

2. Zero position finder VI: uses the signal processing methods included and find the zero po-
sition of each fit method

3. VI for the laser pointer/target: used in the final test phase, to validate the developed model

5.3 Mechanical setup

In this paragraph it is described how the mechanical components have been set up to perform the
tests; several pictures are provided, for a better understanding of the arrangement of each compo-

nent.
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Below a schematic view of the setup used to perform the tests is reported: the magnet is stick
without using any kind of glue in the beginning (it was thought that the magnetic attraction was
sufficiently strong to keep the magnet fixed on the Aluminum AA7075) in the rotating cogwheel
at a distance of 65 mm (most convenient configuration, based on the considerations that will be
made in the next chapter) from the rotational axis. In this way the magnet will cross the Hall Ef-
fect sensor maintaining the same distance (along the z axis) from it, moving on the same plane
(also the most convenient distance between magnet and sensor will be discussed in the next chap-
ter). The sensor is fed by a Voltage of 3.3Volts and sends its analog output (Vou) to the ADC (not

displayed in the picture below.)

MAIN COGWHEEL
i MAGNET

HALL SENSOR

3.3V
GND

Vout

=>

To the ADC

SUPPORT

ROTATIONAL AXIS

Figure 28: Mechanical setup of the tests

In figure 29 below a detail of the previous picture is shown, zoomed on the dimension that will be
useful for the display of the results in the next chapter. It has been possible to change the height of
the support to have several distances between the sensor and the magnet, a different maximum
voltage recorded and a clipped or non-clipped signal depending on the conditions. Here the varia-

bles of figure 29, used in the following test phase, are listed:

1. H: height of the support

2. D: distance between the sensor and the support
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3. h: height of the used magnet

DA QUI *****The sensing surface of the Hall sensor is considered at the same height of the sup-
port. Included in the hardware are also a set of cylindrical magnets provided by the institute with
different diameters (2, 3, 5 mm), made of an alloy of Ni-Cu-Ni. The cogwheel was moved by a
stepper motor PhytronVSS, an express device for high-vacuum applications (not displayed in the

pictures).

Figure 29: Characteristic mechanical parameters

The gear ratio between motor shaft and cogwheel is 1:50 and the internal harmonic drive of the
motor has a gear ratio of 250:1. The angular velocity of the cogwheel has been calculated with a
sub.vi included in the software, taking in consideration the values just presented. Bi-adhesive

strips have been used to attach each component to the proper position.
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Figure 30: Setup made in laboratory

5.4 Electrical setup

(26W, 5 AMP)

5549541

ANALOG

GR: 50
HARMOMIC DRIVE: 50:1

Figure 31:  Electrical setup

Figure 31 shows the main electrical components of the setup used for the test, and it gives a repre-
sentation of the mechanical parts involved: the power is provided by a Voltcraft HPS-16010 to the
TMCA4210, an express board for the current impulses for the motion of the stepper motor, con-
trolled by the inputs sent by the laptop trough the Arduino board using an USB interface (mode,
velocity), that transmit the motion to the main Azimuth cogwheel, in which the magnet is stuck.

The latter will cross the SS495A1 Hall sensor that will send the signal to the Arduino Board
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trough the ADC converter. The signal will be displayed on the monitor of the Laptop in an express

window created in the Front panel of the main V1.

45

25

Output Voltage (V)

| |
-640 -320 0 320 640

Gauss (G)

Figure 32: Typical output vs Magnetic field module (S5495A41)

Figure 33: Mother board sold with the Arduino Mega 2560
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Figure 34: Control Board for the stepper motor Phytron VSS

5.5 Software setup

LabVIEW 2015 has been used as data acquisition and control software for all tests (including the
supplements/patches for the DAQ, VISA, FPGA and Lynx). A schematic view of the Main VI
used to control the motor and to record the signal is reported in figure 35. To communicate
through the VI to the Arduino Board, the Lynx software interface (available on the list of packages
provided by NI instrument) has been used through the SPI serial interface. The loop rate was 200
ms (maximum compatible with the Hardware available in the lab). In the Front Panel of the main
VI, the user is able to set the serial port (COM), the mode of the motion (in this case velocity
mode) and the velocity of rotation (for most of the test has been used 3 a velocity, in the front
panel of the main vi). Through the SPI interface it is possible to select the chip of the board that
makes the Hall sensor communicate to the PC and sends the data to an express VI included in the
control panel of the main vi (Zero position finder) to display and process it (to find the peak of the

“hump” in this case).

In the zero position finder sub.vi an express tool to evaluate when the maximum differential dif-
ference? between voltages occurs has been added. The tool used for this purpose is called deriva-

tive.vi in the LabVIEW 2015 library. After a coarse first detection of the signal it is possible to es-
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tablish a proper value of the threshold to be used after a second swipe of the magnet over the sen-

SOr.

In the picture below the main software components of the main vi are shown. They include:

the motor configuration sub.vi, useful to set the step frequency of the stepper motor and
the angle of rotation for each step,

- the command sub.vi, to set the working modes of the motor,

- the set motor sub.vi, to apply the commands set to the configuration used at the moment,

- the ADC reader, to take the output of the converter and use it inside the zero position find-

er as input for the detection of the zero position.

All the data are exchanged trough an SPI serial interface.

DISPLAY
COMANDS SIGNAL

MOTOR
CONFIG.

INIT. H SPI SET L COMAND H ADC ZERO POWERHCLOSE

POSITION
LINX CONFIG T MOTOR MOTOR READER | | DOWN LINX
|

11 | L | L | L ﬂl L

LOOP RATE: 200ms

Figure 35:Schematic view of the main VI (described in detail in Appendix A)
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6 TEST RESULTS

6.1 Chapter overview

The chapter will list the series of tests performed with the mechanism, to verify the reliability of
the chosen method. First, some considerations will be made on the starting values chosen to better
simulate the operative conditions of the motor and to reach the requested angular accuracy. Then
the proper distance between sensor and magnet will be discussed, to optimize the future results,
working on the position of the sensor trough the z axis and the related height of the support to be
used in future. Next the peak detection method (maximum of the signal) and the mid-point finder
(half position on the hump of the signal) are discussed and compared, in term of repeatability, the
finding of the same point. The chapter continues by proposing a method to optimize the threshold
value for the detection of the magnet, in order to minimize the effect of the noise on the pro-
cessing of the information. In the test the fit methods previously presented have been used; to fil-
ter the signal and having a cleaner plot. Nevertheless, the use of these methods is limited as a sup-
port of the test phase and to have more data to compare and evaluate, due the amount of calcula-

tions required for the operation that is not compatible with the capabilities of the spacecraft CPU.
6.2 Sensor/magnet distance test
6.2.1 Preliminary considerations

The most practical signal shape to process to find the zero position has been evaluated. The alter-
natives are: a clipped signal or a non-clipped signal, both shown in the pictures below. Clipping is

caused by the limitation of the Voltage range detectable by the ADC.
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Figure 36: Clipped signal and a not-clipped signal

1. Clipped signal: caused by the max voltage detectable from the ADC: 3,3V. This generates
the presence of a flat region in the signal: not just one maximum but several samples at
the same Voltage (this is an approximation: it has been observed with the 16bit resolution
of the ADC that the voltage varies in a range of +-0,0005 Volts). Further processing meth-

ods, presented in the previous paragraph, are required.

2. Non-clipped signal: output voltage remains inside the detectable range of the sensor. A
signal with a complete curvilineal shape is provided, the maximum of the curve is easily

detectable and so a quick zero position determination is possible.

In term of variables, the objective is to find a proper distance range (z-axis) between the sensing
surface of the sensor and the magnet to distinguish the occurrence of the two cases. The ranges of
measurements selected to better simulate the real mechanical motion of the cogwheel and the sen-

sor/hardware available during the real operative phases of the APM are:

Voltage range of the sensor: Analog sensor output “filtered” through the ADC and the Arduino

2560Mega board > ADC only digitizes voltages from 0 to 3.3 V.

Analog Resolution / Quantization: Hall-effect sensor signal converted from analog to digital by

the 16-bit ADC, i.e., 2'® values available (65536) between 0 and 3.3 V, resulting in a resolution of

0,05 mV.
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Discretization: maximum sampling rate smaller than 5 Hz (period of 200 ms). It is not possible to
sample faster with the A/D converter and the microprocessor.

Maximum number of sampling used: 1000 is only a reference number. The real number depends

on speed of rotation and sensor geometry. It was estimated that for the desired resolution, 1000
points should be measured, i.e., with the maximum sampling rate, a test would require 1000 * 0.2

s =~3,33 min.

6.2.2 Results

The sensitive surface of the Hall sensor is considered to be at the same height as the top of the
support.

The first sampling is at the highest height at which the sensor starts detecting the presence of the
magnet. In figure 37 below some main features of the slot in which the support of the sensor has
been placed are represented.

In the next table 11 also the situation in which there is no magnet in the close proximity, that cor-

respond to a quasi-constant voltage of 1,5Volts, has been included.

MAIN COGWHEEL

3mm

MAGNET
3 2Zmm

SUPPORT

Amm

Figure 37:Dimensions of interest for the mechanical setup
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Table 11: Max Voltage changing the distance sensor/magnet ???

H[cm] dlcm] Vmax[V] Clipped signal

/ oo 1,5 No
1,8 1,8 1,652 No
2,5 1,1 1,714 No
2,8 0,9 1,845 No
2,95 0,65 2,022 No

3 0,6 2,769 No
3,2 0,4 3,205 Yes
3,3 0,3 3,215 Yes

6.2.3 Conclusions

A possible range of distances between the sensing surface of the sensor and the face of the magnet
to use has been evaluated, in order to have a curvilineal signal and to avoid the presence of a flat-
tened region at the center of the signal. The range, using a magnet of 2 mm of diameter and 3mm
of height, polarized at Ni-Cu-Ni, is between 1,8 cm (when it starts detecting the presence of the
magnet) and 0,6 cm (when the signal starts to be clipped).

The convenience of an unclipped signal is that it makes easier to detect the absolute position (peak
detection), instead of using an express algorithm to find the “mid-point” of the signal on the flat-
tened region, as previously discussed: dealing with a clipped signal imposes more calculations on
the user and the processor.

It is advisable to place the magnet at the lowest distance from the sensor that avoids the clipping
(distance of 3mm) to have a wider range of amplitudes to quantize. Another aspect to take into
consideration is the dependence of the signal on the temperature [4]. It has been observed that the
signal is influenced by the thermal environment of the room: are required more tests for the de-

termination of a safe distance to avoid the clipping (vacuum chamber).
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6.3 Comparison between Peak detection and mid-point finder meth-

ods stability

6.3.1 Preliminary considerations

It is possible to evaluate the maximum allowed angular velocity using simple calculations, based

on the precision required, for the given maximum sample rate of 200ms. For the following calcu-

lation, it has been assumed that each step-pulse of the motor corresponds to a pulse of the sensor.

For a higher resolution, the user could use a higher sensor pulse count per motor pulse count.

Circular path of magnet at radiusr 65mmx 2t > 408.2 mm

Distance traveled per bit (@16 bit) 408.2 mm /65536 bins >  0,006228 mm

Tangential velocity at magnet V=s/t> 0,0311 mm/s
(t: Loop rate = 0.2 s)

Angular velocity ®=Vvir> 0,0274°/s

This is the maximum velocity allowed to achieve the required precision; proceeding slower it is

possible to achieve a better resolution, considering the previous fixed values (starting data). For a

better understanding of the theory, the magnet has been considered fixed and the sensor as moving

linearly over it pulsing at the frequency of 5Hz (approximation of a linear motion above the direc-

tion of the tangential velocity, as previously described in paragraph 4.5).
6.3.2 Results

In this set of test between the mid-point method and the peak detection method provides more sta-
ble results. The same magnet, fixed at a certain position of the cogwheel (always 65 mm of radius,
the best trade off distance from the rotational axis), has been swept several times. Furthermore,
the repeatability (here also defined as the stability) of this calculation has been verified: to this

purpose, the step count of the motor was associated to each sampling to verify whether it was pos-
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sible to achieve with different sweeps the same position of the shaft at the time the magnet was
moving over the sensor.

In the table 12, to demonstrate the repeatability of each method, the Amax parameter (difference be-
tween the highest and the lowest linear positions detected) and the Standard deviation, have been
provided, to have an idea of the variation intervals of the results.

These are two cases considered with different threshold values:

Angular velocity: 0,0173°/s, target velocity in the main.vi = 2, diameter of the magnet = 2 mm,
magnet/sensor distance 3mm, sample rate 200 ms

Threshold 1,8: (less samples, shorter sampling time (around 4,3 min), sampling in the less sensi-

tive part of the signal: the almost flat/top region)

Table 12: Comparison between the stability (the standard deviation is highlighted in yellow) of
the mid-point finder method and the peak-detector method, assuming 1,8 V as threshold voltage

Test n® Peak Mid-point Samples over Vimax[V]
the threshold
1 651 644 1288 2,053
2 638 644 1288 2,060
3 662 654,5 1309 2,061
4 651 657,5 1315 2,083
5 668 663,5 1327 2,105
6 655 666 1332 2,113
Apmax 30 22 44 0,060
Std.Dev. 10,34247 9,399025 18,79805 0,025333
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Threshold 1,7V (to use the most sensitive part of the signal to start the detection of the signal,

time of sampling around 6 min with sr 200ms)

Table 13: Comparison between the stability (the standard deviation is highlighted in yellow) of
the mid-point finder method and the peak-detector method, assuming 1,7 V as threshold voltage

Test Peak Mid-point Samples over the Vimax[V]
threshold

1 918 900,5 1801 2,205

2 879 906,5 1813 2,214

3 900 904 1808 2,218

4 885 903,5 1807 2,223

5 911 903,5 1807 2,227

6 892 910,5 1821 2,230
Amax 33 10 20 0,025

Std.Dev. 15,0831 3,402205 6,80441 0,009182

Some factors that influence the peak detection are: the magnetic environment of the room, the
thermal environment of the room, support not perfectly fixed.

These elements not only may lead to a wrong detection of the peak but also to a not repeatable
point at which the sampling phase starts: it is possible to see in the table 12 that the number of
samples is much unstable than in the second table, in which the threshold value has been set on a

more sensitive part of the signal (rising slope). At this quantization/discretization level, the peak
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of the signal is too much dependent on the noise, for this reason the mid-point method is more re-
liable.

When the support will be properly fixed, it will be necessary to set a proper threshold value to al-
low a constant number of samples to by divided them by two. The number of samples is less in-
fluenced by the elements previously listed, for this reason in the second cluster of tests also the
max Voltage has been recorded in the table, to have an idea of how much the signal can be affect-
ed by the thermal environment.

In the next paragraph the fit method previously described will be used, to have an idea of the be-
havior of the signal when unaffected by noise. In the figure 38 below a quick view of how the plot

of a Cubic-spline can help having a clearer vision of the behavior of the signal is shown.

S S S B S S Y S B S S B
o 0 20 30 40 30 60 T0 B8 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 2%
Time [2]

Figure 38: Detail of the top of an unclipped signal, in the presence of noise

6.3.3 Conclusions

A system that allows the user to find a proper threshold value without inserting it manually Is re-
quired. The optimal threshold value should be selected so that it corresponds to the steepest side
of the signal, thus reducing the influence of the noise. This value cannot be fixed, due the chang-
ing thermal environment in which the APM is situated: a satellite orbiting around the planet can

switch from high to low temperatures depending on its position in the orbital plane (especially in
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the LEO orbit). For this reason, an adaptable algorithm capable to choose an “ad hoc” solution is
required. In the next paragraph in the main Vi an additional tool to solve this problem and make

the results in the test phase more stable has been integrated.

6.4 Threshold optimization

6.4.1 Derivative tool

As we previously said, there is a maximum velocity compatible with the sampling rate of the sys-
tem, given by the sample rate used. This is the maximum velocity allowed to reach the required
precision; by proceeding slower it is possible to achieve a better resolution, considering the fixed
values previously described (starting data). For a better understanding, the magnet has been con-
sidered fixed and the sensor as moving linearly over it, pulsing at the frequency of SHz (approxi-
mation of a linear motion above the direction of the tangential velocity, as previously demonstrat-
ed). In this set of tests, an additional analytical tool to process the data has been used: it is a sub.vi
included in the LabVIEW library that allows the user to see where the maximum increment be-
tween a voltage value and the following one occurs: this allows the user to know where the most
sensitive (less noise affected) part of the signal is located. To run this sub.vi in parallel to the main
vi has been tried, choosing the maximum value of this plot; this yields the voltage value at which
the sharpest jump between a value and another has occurred that corresponds to the most sensitive

part of the shape of the signal.

Is required to perform a first and fast swept over the sensor with the magnet stuck on the cog-
wheel on the vi used (in the vi could be 30 as velocity) to yield a proper threshold value for the
environment at the time of the sampling (the signal is dependent on the temperature) and to per-
form a slower and more accurate sweep over the sensor. The pros of this method are shown in the

next chapter. Next the plots of the signal at 30 and 3 as target velocity are exposed.
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Figure 39: Derivative plot with a fast swipe sweep? (125 samples)

Amplitude

Figure 40: Derivative plot with a slow/accurate sweep (1050 samples)

6.4.2 Results
In these tests the reliability of the method previously chosen and the influence of the optimization

method (with the derivative tool) on the results obtained have been verified.
Some test has been made with the help of this supplement tool and it was verified whether it was

possible to detect the same position in several iterations. Furthermore, the repeatability of this cal-
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culation with the step count of the motor for a more practical application usable in the future (the
motor still requires the resolver) has been verified.

The value of the max voltage has been inserted in the VI to determine a possible dependency on
the temperature in the test. Having the same max voltage reached in the iterations gives the user
an idea of how much the thermal environment changes during the tests; for this reason also this
parameter has been included in the tables below (last column of each table).

In the results also the peak position of the curve provided from the Gaussian fit and the B-spline
fit have been included to have more parameters to compare. Nevertheless, these methods are pre-
sented only as & “help-curves” for this test phase (to have a graphical idea on which is the trend of
the signal), because they imposed a computational burden that is not compatible with the CPU of
a spacecraft. The work focuses on improving the method of the peak determination and the mid-
point finder, less “computationally heavy”” methods for this application.

In the next example, a preliminary fast sweep has been performed that yielded a value of 1,72 V
(maximum of the plot given by the derivative tool function): some test with different threshold
values has been performed to verify the usefulness of this method. The future version of the vi
will include an automatic way to set the threshold value:

The methods (peak detection and mid-point finder) allowed for future applications are highlighted
in yellow.

1. 4 mm distance, 2 mm magnet diameter, 1,65 V threshold

Table 14: Comparison on the stability of each method (un-optimized threshold) define stability

Test Sam- Peak Gaussi- B-spline B- B- Mid Vimax
ples an 1 spline spline
2 3
1 1527 761 761 752 751 751 786,0 1,751
2 1545 724 723 729 727 727 772,5 1,749
3 1566 751 751 747 747 747 783,0 1,748
4 1540 716 715 720 718 718 770,0 1,748
5 1573 762 763 753 753 753 786,5 1,750
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Del- 33 49 48 33 35 35 16,5 000,3
ta
max
Std 18,9657 21,4406 22,1991 14,8559 15,722 15,722 7,78941 0,00130
dev 6 2 8 6 6 6 4
2. 4 mm distance, 2 mm magnet diameter, 1,7 V threshold
Table 15: Comparison on the stability of each method (nearly optimized threshold)
Test Samples Peak Gaussi- B-spline B-spline B-spline Mid Vimax
an 1 2 3
1 903 443 443 441 441 441 451,5 1,477
2 899 442 442 439 438 438 449,5 1,477
3 897 443 443 438 438 435 448,5 1,477
4 892 432 432 435 435 433 446,0 1,477
5 893 432 432 433 433 431 446,5 1,478
Del- 11 9 9 8 8 10 5,5 0,001
ta
maXx
Std 4,49444 5,856 5,85662 3,19374 3,08220 3,97492 2,24722 0,00044
dev 1 6 4 7 1 1 7

3. Threshold voltage: 1, 72V, 4 mm distance, 2 mm magnet diameter (optimal threshold value)

Table 16: Comparison on the stability of each method (optimized threshold)

6-74

Test Samples Peak Gaussi- B-spline B B spline Mid Vmax
an 1 spline 3
2
1 661 329 329 326 326 326 330,0 1,47
9
2 659 316 316 322 322 322 329,0 1,47
9
3 656 321 321 322 323 323 328,0 1,47
9
4 657 324 323 322 322 323 328,5 1,47
9
5 661 331 331 325 326 326 330,0 1,47
9
Del- 5 15 15 4 4 4 0
ta
max
Std 2,28035 6,05805 6,08276 1,94935 2,0493 1,87082 0
dev 1 2 3 9 9 9
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Next the table 17, lists the position associated to the step count is shown (with in parenthesis the

respective value inside the signal).

4. Distance 3mm, magnet 2 mm diameter, 1.9595 Volt threshold value

NOTE: in this set of tests the sensor has “swept” counterclockwise and clockwise, and it has been
noticed that the counter of the motor behaves differently depending on the sense of rotation (the
integration of the resolver of the motor to avoid this problem is required). So in the table 17 the

results are compared, in terms of delta max (Amax) and standard deviation, for each sense of rota-

tion. For this reason, the assumptions made in this work apply only to the case when the motor ro-

tates either clockwise or counterclockwise, but not both due to the hardware available at the mo-

ment: it is not possible to swipe the sensor in both directions to provide the same results. As usual,

the two methods suitable for a practical application are highlighted in yellow.

Table 17: Comparison on the stability of the results of each method (optimized threshold) with
step count associated

~T . 7\"\"
%k\i 2
\[ T
i) =
leZle |4t

b d)\y

)%s/

Test Samples Peak Gaussian B-spline 1 B-spline 2 B-spline 3 Mid Vimax
1 505 5927(247) | 5927(247) | 5926(249) | 5926(249) | 5926(249) | 5924(252,5) 2,087
2 509 5939(248) | 5939(248) | 5940(250) | 5940(250) | 5940(250) | 5942(254,5) 2,087
3 506 5924(251) | 5923(250) | 5926(248) | 5926(248) | 5926(248) | 5923(253,0) 2,087
4 509 5939(248) | 5939(248) | 5939(248) | 5939(248) | 5939(248) | 5943(254,5) 2,087
5 507 5923(252) | 5923(252) | 5925(249) | 5925(249) | 5925(249) | 5922(253,5) 2,087
6 510 5939(249) | 5939(249) | 5939(249) | 5939(249) | 5939(249) | 5942(255,0) 2,087
7 507 5927(247) | 5927(247) | 5925(250) | 5925(250) | 5925(250) | 5922(253,0) 2,087
8 511 5937(247) | 5937(247) | 5939(249) | 5939(249) | 5939(249) | 5943(255,5) 2,088
Amaxl 5 4 (4) 4(4) 1(1) 1(1) 1(1) 2(2) 0,000
Amax2 2 2(2) 2(2) 1(1) 1(1) 1(1) 1(1) 0,001
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Std1 0,957427 2,629956 0,816497 0,816497 0,816497 0,816497
Std2 0,957427 0,816497 0,957427 0,816497 0,500000 0,816497

In the figures nr? below some details of the plots of the signal provided by the sensor are shown in
the first row of the last table. In the first row it is possible to see the influence of the noise on the
plot of the signal, in the second row the location of the maximum (sample number 247) and the
location of the mid-point (sample number 252,5) compared to the maximum provided by the
Gaussian fit (sample number 247), B-spline fit 1 (sample number 249) B-spline fir 2 and 3 (sam-

ple number 249). With the B-spline methods is meant: equally spaced, cord length, centripetal

method, all available in the LabVIEW library.

2,09364-
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Time
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Figure 41: Detail of the signal compared to each fit method
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Figure 42: Detail of the top of the signal and comparison with each fitting methods

In figure 42 below the behavior of the differential curve during the crossing of the magnet of the
sensor is again represented. It is possible to see which part of the signal is the most sensitive to the
magnetic field provided by the magnet. The vi is able to take the voltage corresponding to the

maximum of this plot and use it in the following step of the detection.
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Figure 43: Sensitivity of the signal
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By setting the threshold value, with this set up, at 1,72V, we guarantee an almost stable number of
samples: the fact is evident by looking at the figures of the pattern of the signal here reported. In
the first one, we can see that in the top and flattened region of the signal the peak detection cannot
work properly due the presence of noise caused by: the magnetic environment field of the room,

the varying thermal conditions of the room.
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Figure 44: Detail of a generic curve that highlights the influence of the noise in the two parts of
the plot. In the steep slope of the signal the main plot of the signal is less influenced by the noise.

6.4.3 Discussion on the results

The results presented in this thesis have been used to test a reliable method to find the optimal
threshold value for the detection of the absolute position of the motor. It has been observed how a

proper choice of the threshold can provide more stable results.
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The results confirmed the higher efficiency of the mid-point finder with respect to the peak detec-
tion method. This is easily noticeable looking at figure 44 where it is possible to see the influence
of the noise on the output and understand why the peak detection results are more influenced by
the noise than the mid-point finder.

The mid-point finder and the peak detection algorithms have been compared to other fit methods
like the Gaussian fit and the B-spline fit methods with the aim to “filter” the data obtained and
have a “cleaner” vision of the shape of the signal. In the end, the mid-point finder turned out to be

the most reliable method providing a smaller standard deviation of the results in each test set-up.

6.4.4 Conclusions

The mid-point finder proved to be the best method to detect the zero position of the Azimuth
mechanism for the APM of the LISA project. For the application on the elevation mechanism, the
same considerations are valid, decreasing the rotational velocity, calculated. Drawn at the begin-
ning of chapter 4 (the cogwheel is smaller, as discussed in the previous papers, with a constant
sampling rate and a smaller rotation radius a lower rotational velocity for the desired precision is

required).

The efficiency of this method is less affected by the noise and does not require a significant
amount of calculations (it has been possible to prove it by dividing by two the number of samples

of voltage that exceeded the chosen threshold value).

In order to find a proper threshold value for practical application, an express tool to calculate the
position has been used and the respective voltage value that occur when the maximum voltage dif-
ference between a sample and the next one is achieved, to better exploit the most sensitive portion

of the shape of the signal (steepest slope).
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6.5 Magnet diameter selection

The magnet dimension does not affect the signal steep: having a wider magnet means only having
a higher number of samples. The magnetic strength of the field provided is constant in each mag-
net used in the test phase (residual magnetism, [T] or [G]). It Would be interesting to observe the
shape of the signal for a magnet of different magnetic residual: having a higher max voltage
would mean having steeper slopes on both sides, for this reason a side of the signal that is further
less influenced by the magnetic noise. This will be an interesting future development of the tests
here described. During the tests, the magnets available were able, once placed at the same distance
from the sensor, to provide the same peak voltage. Below some technical information regarding

the magnet used during the tests is shown.

Article S-02-02-N

Shape Disc

Diameter 2mm

Height 2mm

Tolerance in size +/-0,1 mm

Direction of magnetisation axial (parallel to height)
Material NdFeB (Neodymium Iron Boron)
Type of coating Nickel (Ni-Cu-Ni)

Strength approx.150g approx. 1,47 N
Weight 0,0478 g

Manufacturing method sintered

Magnetisation (Grade) N48

Max. working temperature 80°C

Curie temperature 310°C

Residual magnetism Br 13700-14200 G 1.37-1.42T7
Coercive field strength bHc 10.8-125kOe 860-995 kA/m
Coercive field strength iHc =12 kOe =955 kA/m
Energy product (BxH)max 45-48 MGOe  358-382 kJ/m’®

Pollutant-free according to RoHS Directive 2011/65/EU.
Exempt from registration according to REACH.

Figure 45: Technical details of the most frequently used magnet in the tests (S- 02-02-N)
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7 VALIDATION TESTS

7.1 Chapter overview

In this chapter the way in which the reliability of the method chosen has been demonstrated to
find of the zero position of the mechanism is described. In the first part the analytical model used
for the setup is presented: a laser has been used to point a target at a selected distance to verify the
precision of the information. By increasing the distance between the laser pointer and the sensitive
target It is possible to improve the accuracy, as described below. The chapter continues with a de-
scription of the hardware and software. Then the results obtained and the conclusions drawn from
them are listed, comparing the information from the resolver, the number of samples and the posi-

tion of the laser dot in the optical sensor.

7.2 Preliminary considerations

The test on the mechanism has been accomplished by placing a laser pointer on the top of the ro-
tating shaft: by analyzing the position of the light dot at a certain distance, it has been possible to
verify if the system implemented can provide an accurate detection of the zero position and the

repeatability of its position in the rotation

EXAMPLE: From the requirements in term of accuracy and the already well known formula:
16bit = 65536 positions. To have the laser pointer dot placed in a 1x1mm square area, assuming

that the shaft rotates on a plane, it is necessary that:

65536 X Imm = 65536 cm=2nr (6.1)
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R =65536/6.2831 = 10453.6687 = 10.453m (6.2)

This means that to verify the precision of the mechanism we need to be able to hit a target of 1
mm at the distance of ten meters. It Is necessary to place an optical sensor at this distance from the
mechanism and to verify that the maximum amount of light is occurs in the same point in several
different operations. It Is possible to decrease the distance between the two devices by decreasing

the size of target, and vice-versa, as it is possible to see in the figure 46.

TARGET

LIGHTSOURCE
1mm

—

10,45 m

Figure 46: Characteristic parameters of the example exposed (not in scale)

7.3 Test setup

The setup is similar to the previous one, but a laser pointer and an optical sensitive surface has
been added to verify the results obtained in the previous chapters. In this phase adding the resolv-
er board will be added, able to let the user know about the exact position of the mechanism. This
resolver has a resolution of 16bit, that, multiplied by the gear ratio of the harmonic drive (1:50)
and the gear ratio of the main cogwheel (1:5) let the user know ideally each 16384000 ,226, posi-
tions on the rotation, coarsely a resolution of 26bits; the issue is that the rotation of the mechanism
is accomplished 250 times for the rotation of interest (cogwheel). The laser pointer has been stuck
on the surface of the rotating shaft and pointed to the other side of the room (8 meter of distance),
where the PSD was placed, (see picture 48). Another Arduino Mega2560 board to interface the

optical sensor with the laptop has been used. Each component of this electrical setup was handled
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by an Acer S3 Ultrabook. An express wire has been used (length 8 meters) to place the sensor at
the required distance and to communicate with it. Furthermore, the sensor has been placed at the
proper height with an express support to allow the laser pointer to hit its center while the zero po-

sition was crossed.

Figure 47: Hall-Sensor glued to the Aluminum support to avoid vibrational effects on the signal
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Figure 48: Laser Pointer glued at the top of the Azimuth rotating shaft

POWER SUPPLY LAPTOP ( ACER S3)
LAPTOP/PSD INTERFACE BOARD

MOTHERBOARD

ADC

MOTOR
CONTROL
BOARD RESOLVER BOARD

HALL SENSOR

spI LASER POINTER

PSD

SPI

Figure 47: Electrical setup for validation tests

The size of the target was a function of the chosen distance. Using formula (2.1) it is possible to

obtain the Table 18 in which is shown each couple distance/size of the magnet:

Table 18: Size of the target for each PSD/laser pointer selected distance
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PSD/LASER POINTER DISTANCE (r) [m] TARGET DIMENSION REQUIRED (I) [mm]
8 0,766
9 0,862
10 0,958
11 1,054

7.4 Additional components

7.4.1 Resolver

In this set it was required to verify the precision and reliability of the device. The installed resolv-
er board (see figure nr.? below) has a precision of 16bit and is included in the motor: for this rea-
son, considering the gear ratio of 1:250, a precision of almost 26bit is achievable
((360/65536)/250=...). Once configured, the resolver yielded that the motor, for each step using a
full step configuration, was capable to perform 600 numerical increments for each step. Having a
“bugged” step count, (the step count didn’t represent the same angular position in different sweep)
the resolver was the best alternative to verify if the zero position occurred in the same angular po-
sition performing different sweep of the magnet over the sensor. The board used was an EVAL-
AD2S1210SDZ and it communicates through an SPI interface to the motor control board, the
main board and the motor. In the main VI a numerical indicator that shows, between a range of 0

to 65536, the position of the motor is displayed.
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7.4.2 PSD

Figure 51: PSD set to the MOVE test board

The PSD (Position Sensing Device) is an analog device sensitive to a specific wavelength, in our
case provided by the laser pointer, and capable of finding the position of the peak of the amplitude
of the light that hits the sensitive surface and translating it in terms of Cartesian coordinates. The
sensor used for our tests was an S5991-01 with an active area of 9X9mm. The sensor was settled
in a board used in previous tests (MOVE project). The active surface was 6x6 mm, it communi-
cates through an SPI serial interface and the recommended spot size of the laser dot was 0,2 mm.
Further details are included in figure 53. In the PSD board, an analog to digital converted capable
of providing a resolution of 10bit to the precision of the position of the laser dot on the display

was included in the board.
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Figure 52: PSD and AD8551 board

Parameter Symbol Condition SN : S
Typ. Z : Typ.
320 to 320 to

Spectral response range A - 1100 - - 1100 - nm
Peak sensitivity wavelength Ap - 960 - - 960 - nm
Photo sensitivity S A=Ap - 0.6 - - 0.6 - AW
Interelectrode resistance Rie  |Vb=0.1V 5 7 15 5 7 15 kQ

A=900 nm
Position detection error E VR=5V, spot light - +70 +150 - +150 +250 um

size: $0.2 mm *
Saturation photocurrent Ist }Ii:_i 1: :kr('zm e VN - 500 - - 500 - pA
Dark current D VR=5V - 0.5 10 - 1 50 nA

o VR=5V, RL=1 kQ

Rise time tr 2=900 nm 1 2 us
Terminal capacitance Ct VR=5V, f=10 kHz - 150 300 - 500 1000 pF
Position resolution AR lo=1 yA, B=1kHz * - 0.7 - - 15 - um

* In the range that is 80 % from the center to the edge. Recommended spot light size is larger than ¢0.2 mm.

Figure 53: Electrical parameters of the S5990-01
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7.5 Tests procedure

After calibrating the sensors and using the results of the previous tests (mid-point method selec-
tion), a test procedure to verify that the same position (in our case the zero position), is detectable
several times was developed. In this test it is assumed that the thermal environment remains stable
on a small range of degrees (+- 0,001 °) and that each mechanical component does not change its
position, except for the rotation of the main cogwheel. The operative procedure steps were the fol-
lowing.
1. First (fast) sweep (velocity target = 30 in the main VI) with a starting threshold of 1,7 >
CHOICE OF THE OPTIMAL THRESHOLD VALUE (DERIVATIVE TOOL)
2. Second (slow) sweep (velocity target = 3 in the main VI) > COUNTING OF THE
NUMBER OF SAMPLES
3. NUMBER OF SAMPLES /2
4. Find the position of the cogwheel in terms of the resolver at the mid-point found
5. Point the laser at the center of the target (0 + 0,09, 0 £ 0,09) in the display
6. Return to a generic position (under the threshold value, out of the signal)
7. Perform again the sweep, comparing resolver position and PSD position
8. TO DEMONSTRATE THAT THE METHOD WORKS, WE NEED TO VERIFY IF THE
SAME RESOLVER POSITION, THE SAME SAMPLE NUMBER AND THE SAME
POSITION OF THE LASER POINTER OCCURS SIMULTANEOUSLY
The steps 6, 7, and 8 have been repeated five times to verify the repeatability of the zero position

detection, and the results are listed in the next paragraph.
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Figure 54: View of the three VI’s simultaneously used. Starting from the left: Main VI for the mo-
tor control, PSD VI, Zero position finder sub VI.

7.6 Results and Discussion of the results

For the set of tests performed in this phase, the following starting data has been used:

1. Magnet diameter: 2 mm

2. Magnet/Hall sensor sensing surface: 3 mm
3. Starting threshold value: 1,7 V

4. Optimal threshold Value: 2,6 V

5. Main cogwheel used: 0,0205 deg/sec

6. Velocity target: 3

7. Motor mode: Ramp

The starting threshold value has been chosen to allow to display the majority of the signal in the
proximity of the magnet. After the fast sweep, the threshold value has been updated to 2,6 V to al-
low a better stability (optimal threshold) in the amount of samples taken over this threshold (in

this case 252).
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Table 19: Results of the test validation test: position of the shaft expressed in: position of the re-
solver, position on the optical sensor, position in the signal

TEST N° RESOLVER PSD POSI- NUMBER OF MIDPOINT MAX VOLT-
POSITION TION (X,Y) SAMPLES AGE
1 60844 (0,12,-0,12) 252 126 2,948
2 60842 (0,2,-0,2) 252 126 2,949
3 60846 (-0,12,0,12) 253 126,5 2,949
4 60842 (0,15, -0,15) 252 126 2,950
5 60844 (0,21,-0,21) 252 126 2,950

In this case the position of the resolver bounces between + an — 2 unities in the numerical indica-
tor, but considering the gear ratio (1:250) and the resolution achieved, is negligible compared to
the accuracy required exposed in chapter 2. The Cartesian position on the PSD display bounces
due the presence of noise (see the datasheet [13]) that is between + 0,15 mm and — 0,15 mm. As
demonstrated in the previous chapters (4/5), the mid-point finder provides a stable amount of
samples over the set threshold and, consequently, mid-point in the same position. Furthermore, the
stability of the mid-point has been demonstrated considering its position in the counter of the re-
solver. The tests were performed in a quiet stable thermal environment, considering that the max-

imum voltage was quite stable (variations of at most = 0,002 V).

7.6.1 Step count issue

During the tests the resolver positon as reference to move the motor was used. The step count of
the motor resulted compromised when it was necessary to change the sense of rotation of the mo-
tor: by changing the sense of rotation it was noticed that there was a loss of steps (the angular po-
sition indicated in the numerical indicator of the step count wasn’t the same in different sweeps)
of the motor that could influence the detection of the position. The problem has a software or elec-
trical origin, considering that the resolver, fully operational, did not recognize the movement of
the shaft when the input, through the main VI, was given. A debug of the software (VI) or a check

in the mechanism used is required (Phytron VSS).
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7.6.2 Erasing of the data sampled

There is the possibility that the signal, after collecting all the samples and exiting from the ,,over
the threshold “area of the signal can erase the signal recorded itself without calculating the zero
position. This is caused by the influence of the noise on the main plot of the signal: considering
the moment in which the output voltage of the signal goes again under the threshold voltage, the
noise, at the operative analog precision in which the user is working through the ADC, can cause
to the voltage to go again over the threshold, erasing the signal collected previously (picture 54
below). Using the vi developed in this work, this event leads the user to perform a second slow
sweep to collect again the zero position. This phenomenon is avoidable by setting the threshold
value at the point of maximum steep, showed in the paragraph threshold optimization (paragraph
6.4). By setting the threshold in the most sensitive part of the signal it is possible to minimize the
probability of this event to occur (considering the tests performed, the percentage of times that
this event was observed was around the 10% of the times). In the future work section (chapter 9)
the main features that the patch will require in order to avoid this occurrence are included. One so-
lution could be to avoid that the vi collects a new signal within two or three steps after the signal

sampled, giving a certain range of safety and avoiding to start again to record.
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Figure 54: In red, threshold valued setted; in blue main trend of the signal; in white the signal. Is
possible to see in this case that the signal goes under and over the threshold value for a second
time

7.7 Conclusions

From previous tests, the mid-point finder was considered the most reliable method to find the zero
position (accuracy of 16bit). In this final set of tests this reliability has been demonstrated using
the optical technology of the PSD. By pointing the laser dot, provided by the laser pointer glued at
the top of the rotating shaft, to a target at 8 m of distances, in a sensitive surface of 9x9 mm of the
dimension of 0,7x0,7 mm, it was possible to demonstrate that the detection of the position was
achievable. Under the previously mentioned conditions, the method turned out to be reliable pro-

vided that the thermal environment was stable.

In this chapter the steps to accomplish to find the zero positon (2 sweeps of the magnet over the
sensor have been proposed: 1 fast sweep: 0,2 deg/sec, 1 slow sweep 0,002deg/sec), paragraph 7.5

with the test procedure, to optimize the stability of the positon of the motor.

More complex fit methods like cubic spline, Gaussian fit, and B-spline, were used to give to the

user an idea on the main trend of the signal shape (see chapter 4), but, as previously discussed,
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they were not valid candidates for this application, considering the limited processing capability
of the CPU of a spacecratft.
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8 SUMMARY OF RESULTS

8.1 The project

LISA is a project handled by the Institute of Aeronautics (LRT) of Munich. The aim of this project
is to develop an inter-satellite antenna that allows a direct communication link between LEO and
GEO satellites, in order to extend the amount of data transmitted by a LEO satellite to a ground
station from 7 minutes to 41 minutes. This system requires a high precision pointing mechanism,
called APM (Antenna Pointing Mechanism) with two degrees of freedom. The motion is provided
by two stepper motors and their respective gear boxes, that are able to perform a rotational motion
in the Azimuth and Elevation directions. This kind of motors are moved thanks to a combination
of currents inputs and, in case of an unpredicted shut down or loss of power of the system, they
can lose the information regarding the last position assumed by the motor before the event. In this
case, a system capable to find a reference position (called zero position) in a quick and reliable
way is needed. From previous works, the technology chosen to accomplish this task is the mag-
netic sensing technology through Hall sensor. The purpose of this work was to find a method to
process the signal and extract the precise information on the zero/absolute position with the prox-
imity of a cylindrical magnet over the sensing surface of the sensor. One of the main obstacles of
the task was the precision: considering the capability of the stepper motor (Phytron VSS for high

vacuum application) a 16bit of precision was required (0,005°).

8.2 The method

In the first period the state of the art of the absolute magnetic encoders, analyzing several patents
methods and how the magnetic signal was processed in order to obtain the angular position was

studied.
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Next, a set of preliminary tests was conducted, in order to study and understand how the shape of
the signal behaves, the capability of the sensors and to start developing the software to process the
signal obtained, choosing among several alternatives (fit methods). The software used was Lab-
VIEW 2015 (National Instruments) and the methods selected were the peak detection, the mid-

point finder, the Cubic and B-spline method and the Gaussian fit.

Once the whole mechanism was available, the methods have been compared one with the other
with the same starting data needed to perform the detection. The independent variables (as the dis-
tance of the magnet from the rotational axis, the sensor/magnet distance, the rotational speed and
the sampling rate) were changed in order to find the most convenient configuration for the pur-
pose and to respect the mechanical, electrical and software constraints. After several tests, the
mid-point terms resulted to be the best candidate to find the zero position, considering its capabil-
ity to reproduce the same information for different times and for its simplicity. Also the B-spline
method and the Gaussian method provided stable results, but their computational cost is not com-

patible with the operational capability of the microprocessor of the spacecraft.

After that, a way to optimize the results was developed, introducing the derivative tool in order to
exploit the steepest side of the signal to record the information, and later stabilizing the number of
samples that exceeded the threshold voltage set. Using this additional tool, the standard deviation
on the zero position found was decreased, thus demonstrating the superior efficiency of the select-

ed method.

8.3 The results

The aim of the last set of tests was to verify the performance of this method (mid-point finder). In
the test setup the resolver and the PSD (Position Sensing Device, optical sensor) was added: with

these two new devices IT was possible to verify whether the method was able to find repeatedly
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the same angular position, by performing the test different times: the resolver was able to provide

a high precision information of the position of the rotating mechanism. The PSD was able to pro-

vide further information on the angular position of the shaft and a raw idea of the region in which

the zero position was located (the resolver rotates 250 times for each turn of the main cogwheel) .

Using this setup IT was possible to verify the reliability of the selected method and the theory be-

hind it.

8.4 Conclusions

The procedure to adopt to find the zero position on the rotating shaft of the APM of the LISA sys-

tem is the following

1.

b)

Using a threshold value of 1,7 (with no magnet in close proximity the Output Voltage of
the Hall sensor stands around a 1,6 V value), perform a fast rotation (maximum velocity
allowed with a sample rate of SHz: 0,2 deg/s, time to perform a complete turn: 30 min) of
the cogwheel in order to:

detect the presence of the magnet in the complete turn

find the optimal threshold value (maximum/minimum of the spline of the derivative of the
plot obtained)

Return to an outer region of the signal (under the threshold): bring the magnet to the posi-
tion it was before the voltage of the Hall sensor exceeded the threshold voltage of 1,7 V
Perform a slow (maximum velocity allowed 0,02°/s) sweep over the sensor, counting the
number of samples taken when the updated threshold voltage is exceeded; the spacecraft
CPU will divide this number of samples, find the sample in the middle of them, by divid-

ing this number and the position of the motor at that same time.
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In this thesis IT was demonstrated that this procedure is efficient and reliable, in order to find the
absolute position with the precision required and the hardware available at the beginning of the

work. Is required to automatize the described procedure.
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9 FUTURE WORK

An analysis of how the shape of the signal (with the starting data chosen in this work) if affected
by the temperature changes is required. The main width and the maximum voltage of the signal
can change depending on the thermal environment of the room: decreasing the temperature the
signal could have a lower maximum voltage and a thinner flat region (lower number of samples
over the threshold). Increasing the temperature, the area under the curve of the signal grows and it
is possible to see the clipping of the signal. The method here proposed can work only on an un-
clipped signal and the development of a software able to distinguish which method to use is re-
quired. For this purpose, will be required several thermos-couple, placed on the main board, to
monitor of the thermal environment and support the Hall-sensor in processing the signal. In this
work an algorithm to solve (paragraph 4.6.3) the clipped signal has been proposed, and proposed

and tested the software to process the unclipped signal.

To test the behavior of the device in a simulated space environment a series of tests in a vacuum
chamber is required: The Thermal Vacuum Chamber (TVAC) provides a test environment for ex-
periments. This environment includes low and high temperature (space environment) combined
with high vacuum. Furthermore, the TVAC allows component testing under space conditions, e.g.
in the frame of the research project LISA, where the behavior of antenna components and mecha-
nisms is being investigated. The TVAC is also used to qualify experiment rigs for the European

sounding rocket REXUS, or the CubeSat MOVE.

Considering the internal volume (see figure 55 below) available of this chamber (Usable volume

ca. 940 cm x 90 cm
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) some tests to decrease the distance between the laser pointer and the PSD are require: in these
tests it will be verified if the motor and the Hall sensor can provide a stable signal and verify if the

new setup is able to work also with a laser pointer / PSD distance of approx. 50 cm.

L)

Figure 55: TVAC (Thermal Vacuum Chamber) of the LRT

Another test to perform is to use magnets of different residual magnetic field. In this work mag-
nets of different shapes but identical residual magnetic field were used. Having a higher magnetic
density, IT would be possible to have a higher maximum voltage which would mean having a
steeper slope on both sides of the acquired signal, and consequently a more stable number of sam-
ples (less affected by the noise). This development could be useful in case it is necessary to in-

crease the target precision.

The following phases of the tests will be to extend the tests to the elevation mechanism, consider-
ing the changing of the gear ratio of the mechanism and the space available in the case studied in

this work, fastened at the top of the rotating azimuth shaft.
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Furthermore, the procedure here developed and tested needs to be automatized, to make the ma-
chine autonomously perform each step to find the zero position (par 7.5), allowing the user to
monitoring of each parameter each time is performed the sweep. Subsequently, it will be neces-
sary to test if the queue of steps results reliable, to allow the integration of the device in the main

system.

9.1 Elevation mechanism (preliminary considerations)

The main difference from the Azimuth mechanism and the Elevation mechanism stands in the dif-
ferent harmonic drive included in the motor: the gear ratio of this mechanical component is of

100:1, that in allow to the motor to perform:
200 steps per revolution, GR of 100: 1 360/100/200 = 0,018° per full step

To reach this accuracy an absolute encoder with 15bit of resolution (2'° = 32768, 2!* = 16384 con-
sidering 200x100 = 20000) is required to be able to monitor each step movement of the rotating

shaft.

Considering a maximum sampling rate for the available microprocessors of t = 200 ms and as-
suming the motion of the magnet linear; at the geometrical distance available from the rotational

axis r =20 mm:
Linear distance travelled by the magnet in one rotation: C=2 nr=125,6 mm
Required spatial resolution: C/15bit=125,6/32768 = 0,003856 mm
Allowed tangential velocity: V = s/t = 0,00385/ 0,2 = 0,01925 mm/s

Allowed angular velocity: w = v/r = 0,0009625 rad/sec, 0,0551°/sec

9-101
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This is the maximum allowed angular velocity, considering the limitation of the sampling rate.

The velocity is comparable to the azimuth velocity due to:

1. Inferior resolution required (not 16bit but 15 bit, for gear ratio of the mechanism)
2. Inferior radius of sweep (if the radius decreases, for the consideration made in the previous

paragraph, the allowed max velocity decreases)

The assumptions made in this paragraph have to be tested and validated, with the same procedures
see in chapter 6, the only difference being that the motion of the laser dot will be vertical instead

of horizontal.
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11.1 A1 Motor control VI

11.1.1 Main vi

Motor Control of Azimuth
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Figure 56: Portion of the front panel of the main Vi

The Main.vi of the motor control allows the user to control the mechanism in different ways. For

this applications, in the front panel the Ramp mode and the Velocity mode was included:

1. Ramp mode: the user sets the target position and the motor performs the sweep using the

maximum velocity set in the Vmax numerical indicator. The default Vmax is 2047, the

maximum allowed by the motor. For this mode, some numerical indicators that show the

instantaneous position are shown, velocity and acceleration of the main cogwheel (are ana-
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lytically calculated, without using sensor, only using gear ratio formula), allowing the user
to set the maximum velocity allowed by the sample rate of the CPU (5Hz). It is important
to take in consideration that the counting of the angular position of the shaft is not reliable:
it is only a parameter used to give the command to the motor. The zero position of this
counter changes each time a switching of the rotating speed occurs (this is this reason why
there was the need for the device developed in this work!), for more details see paragraph
7.6.1.

2. Velocity mode: the user sets the rotational velocity of the motor, positive (clockwise) or

negative (counterclockwise), and the motor keeps running until a new velocity is set by the

user. This mode uses the same numerical indicators shown in the previous point.

In future works, the same technology will be extended to the elevation mechanism, and the front
panel has already been extended at the end of this work. As far as the control panel of the vi is
concerned, the block diagram is based on a main loop that runs at a loop rate of 200 ms. The data
on this loop is exchanged through an SPI serial interface using the Lynx patch for the communica-

tion between LabVIEW and Arduino.
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11.1.2 Sub-vi’s
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Figure 57: Block diagram of the main vi for the motor control

The list of sub-vis of the main motor control vi includes:

1. avito configure and initialize the serial interface (SPI),

2. avi to read the internal and room temperature (thermos-resistance attached to the mother-
board)

3. aviable to read the information from the resolver board (output included in the front panel
of the main vi),

4. the sub-vi to command the motor, that has as inputs the mode, the velocity and the position
that the motor has to adopt, and as output the real cinematic parameters the motor has dur-
ing its operative life (X actual, V_actual, A _actual, angular velocity in degrees per second
and the speed of the motor)

5. a sub-vi able to read the output of the ADC, output that will be used in the zero position
finder sub-vi as the analog input after being associated to an array of the positions of the

shaft recorded for each moment. This sub-vis and all the loop structure, was copied and
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pasted in the same vi in order to create the basic structure for the elevation mechanism,
changing the proper parameters (i.e the gear ratio of the motor/harmonic drive).

11.2 Zero position VI

11.2.1 Main vi
This is the vi where the signal provided by the Hall sensor with the proximity on the magnet. In

the front panel, it is possible to see several graphs in which all the shapes of the signal recorded
are displayed and the shapes assumed by the signal after the processing through the fit methods
selected in the preliminary phase. The list of the graphs includes: the shape of the signal without
any kind of processing (running all the time, after the vi is lunched), the shape of the signal only
when the voltage exceeds the threshold value set by the user, the shape of the signal after cubic
spline fit, B-spline fit with chord length method, B-spline with equi-spaced method, B-spline with
centripetal method and Gaussian fit. For each of the last methods a peak detector sub.vi was asso-
ciated, able to find the x (in this case the respective and angular position) of the maximum of the
curve. The utility of these fit methods was to have the shape of the main curve of the signal with-
out being influenced by the noise of the sensors (it is possible to see the noise only by zooming on
a 200% from the main graph display in the vi, included in the DVD attached in this work). All the
graphs are also collected in a wider window than the main one at the center of the front panel to
allow the user to compare them. All the used methods were included in the library of LabVIEW
2015, in the signal processing palette. In the front panel, the plot of the derivative of the signal is
also included, with its corresponding shape after a B-spline fit; the usefulness of this additional

tool has been already shown in the section threshold optimization (paragraph 6.4 of this thesis).
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Figure 58: Portion of the front panel of the Zero Position finder sub-vi

On the left side of the front panel some meaningful numerical indicators are also reported. Staring
from the top: it is possible to set the threshold value for the sampling, the degree and the balance
parameter of the spline fit method. Below there are two arrays that show the position of interest of
each fit method used: the position of the peak of the signal, the position of the peak after the pro-
cessing with the fit methods and the mid-point (obtained by counting the number of samples
whose values exceeded the threshold value and dividing this amount by two); for each of these
positions the count on the motor was associated, to have an idea of the repeatability on the posi-
tion of the point of interest (in the final test phase we realized that this count was not reliable, see
paragraph 7.6.1, for this reason the resolver included in the motor, more precise and more stable)

was used. For these two arrays also some other interesting numerical indicator was included:
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1. a counter of the number of samples that exceeded the threshold (to check if the shape of

the signal was stable in a stable thermal environment),
the maximum voltage reached after performing the sampling, to see if the signal shape was

influenced by the room temperature (if warmer the maximum voltage increases, if colder it
decreases)

an indicator that shows the optimal threshold value to set in the second sweep (this was the

maximum of the derivative of the first sweep, after having processed the clean signal using

the B-spline method, to avoid the influence of noise)

An indicator of the instantaneous position of the motor in the step count.

An indicator of the output voltage from the ADC, to allow the user to know precisely
when the threshold voltage, Vi, was reached.

70 80 00 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 200 300 317 320-330. 340 3504
Time [s]

A

Figure 59: Waveform graph used to display the signal: top of the hump
11.2.2 B-spline sub-vi

This sub.vi is able to process the data acquired in real time and to yield the shape of the signal fol-

lowing the mathematical laws listed in paragraph 4.4.4. The sub.vi takes into account only the
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value that exceeds the threshold Voltage, Vi and sets the origin of the plot corresponding to the
first sample that exceeds this threshold. During the sweep the plot is updated in real time, differ-
ently from the cubic spline that is able to yield the plot only when the dimension of the array of
the X coordinates reaches the dimension of the array of the Y (with X the sample number and Y
the corresponding voltage value detected) generating some issue for the data acquisition in real
time. To collect the data two arrays are required and these are provided by the queue function of
LabVIEW that is able to collect each voltage obtained in each cycle of the loop and store them.
After that, each value is associated with the corresponding element of the array, obtained by cal-
culating the dimension of the string that is created (position inside the signal) and the array ob-
tained storing each position of the mechanism in the step count (position in the rotation of the
main cogwheel). It is possible to set the B-spline method in different ways: in these tests, it was
chosen to use the equally spaced method, the cord length method and the centripetal method. This
decision was taken to have different methods to process the signal and to have different terms to
compare. (It was possible to see the differences between these last modes, in terms of position of
the maximum, only when the number of samples was more than 1000). The most reliable method,
considering the stability of the position of the maximum in different sweeps, was the cord length
method. The application of this tool is limited to the test phase, to give the user on the behavior of
the curve of the signal “cleaned” from the noise; the applicability of this method in the system is

forbidden due the limited capability of the microprocessor used on the spacecraft system.

11.2.3 Gaussian Fit sub-vi

As the B-spline method, to plot the results in the graph reported in the zero position main.vi it is
required to have an array of a given size (Y) that matches an array of the same size (X). The sub-
vi uses the equation and the main parameters are reported in paragraph 4.4.5. Considering the po-

sition of the maximum, the curve plotted behaves very similarly to the peak detection of the signal
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without any processing methods: it has been observed that, in the majority of the cases, the posi-
tion of interest, as the zero position, occurs in the same sample: for this reason, considering how
the noise affect this information, the Gaussian fit is not sufficiently reliable for the purpose. The
convenience of this method is that IT is less influenced by some unpredicted perturbation of the
signal and more stable. The drawback of this method is that its repeatability is comparable with
the repeatability of a peak method that, due the required precision, is not a good candidate. In this
application, no weight and no tolerance parameter was used. The default method available in the

LabVIEW library (least square method) was used

11.2.4 Derivative tool sub-vi

The derivative tool is the fundamental sub-vi to optimize the threshold choice. Was used to calcu-
late the most sensitive (steepest slope) part of the signal by taking the maximum of the curve pro-
vided. The vi requires an array and is able to estimate the steepness of the curve of interest point
by point. For this reason, the obtained plot is influenced by the noise of the signal and requires a
processing through a B-spline to find the maximum of the curve and to take in consideration the
main trend of the curve. Looking at the graph displayed in the main vi, it is also possible to see
how the noise has more influence on the plot in case of a slow sweep (3 in velocity in the vi of the
motor control), providing peaks that can yield a wrong position of the maximum of the curve, re-
quiring a further processing of the signal (in this application not affordable for the CPU limita-
tion). For this reason, the fast sweep (velocity target 30), for the first sweep, is more efficient in
terms of computational resources, providing a raw information on the position of the maximum,
and its corresponding voltage (optimal threshold, V). In the picture below it is possible to see the

derivative of the slow speed sweep signal before and after the processing through B-spline.
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Figure 60: Waveform Graph showing the derivative of the main signal
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Figure 61: Derivative graph processed with the B-spline method

11.3 Laser pointer/PSD VI
11.3.1 Arduino Laser Target

This VI was used in the final phase of the test. The VI was used to operate with the PSD and the
laser pointer. In the picture below it is shown how the front panel looks like: it is possible to see
the graph in which the position of the laser dot on the sensitive surface of the PSD was repro-

duced. The sensor was coupled with an ADC and the precision of the device was of 10bit of reso-
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lution. The output was in binary code and was converted through an SPI bus. The active area of
the sensor was of 6x6mm and the display was configured to have the same dimensions (x = +- 3,
Y+- 3 = 6x6, see graph displayed in figure 62). In the front panel below a numerical indicator to
show the operational frequency is also included (most of the time SHz, the maximum allowed by
the hardware used), two numerical indicators to show the position of the center of the laser dot in
Cartesian coordinates (x, y) and the tool that allows the user to set the COM port to make the Ar-

duino 256 Mega board communicate with the laptop.

| Fti N/A ‘ 8 Serial Port

:; 200 Loop Rate [ms] 0 | ‘ Loop Rate [Hz] i
e . s

0 X Position 0 Y Position

PaWa
L

Amplitude

Figure 62: Front Panel of the Laser Target vi

In the next picture the control panel of the previous picture is shown in which it is possible to see

the software instruments used to display the output on the front panel. As for the VI of the motor
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control, the communication between Arduino and LabVIEW was possible through the Lynx inter-
face, a tool downloadable from the VIPM (Vi Package Manager) available on the LabVIEW
online “tool shop”. This library includes the sub.vi to set the SPI bus (lynx spi settings) and the
sub.vi to write or read in the bus (analog write, analog read, digital write, digital read). Included in
the main loop of the vi there were the four input values from each side of the sensor (see para-
graph 7.4.2, for the PSD working principle) expressed in binary code. They were collected in one
array and read from the Lynx SPI digital read, and sent to the sub.vi able to convert this infor-
mation in Cartesian coordinates; the equations required to do this are described in the next chap-

ter.

[ Active High |

1350000
4 MSh First
*Mode 0 v

B0 lfooooo001
10010000
Serial Port 0000000

LINg

o LINX ]
o Serial | 7 ] ]

3 SPﬁ'ﬂ“éI

Loop Rate [Hz]

Loop Rate [ms]
i

@

Figure 62: Block diagram of the Laser target vi (first half)

After exiting from the logical loop the Lynx sub.vi is closed and a report on the possible errors

generated is created.

11-117



Development and testing of a system for detecting the absolute position of a pointing mechanism

Marco Scarambone

(D0D00001 (00000001
701 70110000
(00000000) (00000000
bl 3 m?é: I‘x
f Ig
)
stop

Figure 63: Block diagram of the Laser target vi (second half)

11.3.2 Convert Binary to Cartesian position (X, Y)

This sub-vi uses the input provided by the main vi, previously described, and converts the binary
information in the Cartesian coordinates of the center of the laser dot in the waveform chart re-
ported in the front panel of the main vi. To do this, an internal Matlab file was created in which
the conversion formula needed to yield the right output have been included; the used formulas,

available from the datasheet of the sensor, are the following:

(I2+13) - (1 +14) 2x
M+l2+13+1a L
(I2+14) - (1+13) 2y
h+l2+l3+1a L

Where:

1. 11, 12, I3, 14, are the currents on each side of the PSD sensor
2. Lis the length of the active surface of the sensor

3. Xand are the coordinates of position of the center of the laser dot
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As for the previous files, the data are transmitted through SPI bus interface at a loop rate of 5 Hz

s
ozl > 2

L SIx=L/2%((S112+5113)-(ST11+ 5114))/(S111+ 5112+ 5113+ 5114);
— 1 +
 STy=L/2%((S112+ S114)-(S111+ ST13))/(S111+ 5112+ 5113+ 5114);
‘ 5112

]

[»3BL1|X Position OUT

5Ll Position OUT

Resistor 1

[Equations: Mengden, pp. 43ff.|

Ls1i3

Figure 64: Block diagram of the Laser target sub-vi
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12 APPENDIX B

a.\

12.1 Tables and results

In this section some of the main result used in this work are reported: the comments and the dis-
cussions have already been proposed in the main part of the thesis. To find the section where the
table consulted is located in this document, it is possible to use the list of tables appearing in the

introductive part of this thesis.
12.1.1 Mechanical/Electrical setup tests

The following data were used in the preliminary phase of this work, to set each component from a

mechanical and electrical point of view

main gear 1 2 5 10
speed[°/s]
sampling
rate[ms]
0.5 0.0005 0.001 0.002 0.005
1 0.001 0.002 0.005 0.01
5 0.005 0.01 0.025 0.05
10 0.01 0.02 0.05 0.1
Table 20: Angular resolution achievable by changing the main cogwheel speed and the sample
rate
Radius [mm] Linear resolu-
tion required
[mm]
40 0.00376
50 0.00471
60 0.00565
70 0.00659

Table 21: Linear resolution required for each radius

Rotational 1 2 5 10
speed [°/s]
Radius [mm]
40 0.698 1.396 3.490 6.980
50 0.872 1.745 4.363 8.726
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60 1.047 2.094 5.235 10.471
70 1.221 2.443 6.108 12.216
Table 22: Tangential velocity [mm/s] achievable changing the radius and the angular velocity
Main gear 1 2 5 10

speed[°/s]
sampling
rate[ms]

0.5 0.00061 0.0012 0.0024 0.0061

1 0.0012 0.0024 0.0061 0.012

5 0.0061 0.012 0.03 0.061

10 0.03 0.024 0.061 0.122

Table 23: Angular resolution [°/s] achievable by changing the sampling rate and the rotational
speed (in grey the resolution allowed for this application)

Radius [mm] Linear resolu-
tion required
[mm]
40 0.00376
50 0.00471
60 0.00565
70 0.00659
Table 24: Linear resolution required [mm] per each radius
Rotational 1 2 5 10
speed [°/s]
Radius [mm]
40 5 (0.00349mm) 1 (0.00139mm) 1(0.00349mm) 0.5 (0.00349mm)
50 5 (0.00436mm) 1 (0.00174mm) 1(0.00436mm) 0.5 (0.00436mm)
60 5 (0.00523mm) 1 (0.00209mm) 1(0.00523mm) 0.5 (0.00523mm)
70 5 (0.00615mm) 1 (0.00244mm) 1(0.00618mm) 0.5 (0.00618mm)
Table 25: Lowest sampling rate allowed to reach the resolution required
H[cm] dlcm] Vmax|[V] Clipped signal
/ oo 1,5 No
1,8 1,8 1,652 No
2,5 1,1 1,714 No
2,8 0,9 1,845 No
2,95 0,65 2,022 No
3 0,6 2,769 No
3,2 0,4 3,205 Yes
3,3 0,3 3,215 Yes

Table 26: Max Voltage achievable, depending on the distance sensor/magnet
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12.1.2 Mid-point finder/peak detection reliability tests
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Test n° Peak Mid-point Samples Vimax[V]
1 651 644 1288 2,053

2 638 644 1288 2,060

3 662 654,5 1309 2,061

4 651 657,5 1315 2,083

5 668 663,5 1327 2,105

6 655 666 1332 2,113
Drax 30 22 44 0,060

Std.Dev. 10,34247 9,399025 18,79805 0,025333

Table 27: Comparison between the stability (in yellow the standard deviation) of the mid-point
finder method and the peak-detector, threshold voltage 1,8 V

Test Peak Mid-point Samples Vmax[V]

1 918 900,5 1801 2,205

2 879 906,5 1813 2,214

3 900 904 1808 2,218

4 885 903,5 1807 2,223

5 911 903,5 1807 2,227

6 892 910,5 1821 2,230
Dmax 33 10 20 0,025

Std.Dev. 15,0831 3,402205 6,80441 0,009182

Table 28: Comparison between the stability (in yellow the standard deviation) of the mid-point
finder method and the peak-detector, threshold voltage 1,7 V

Test Sam- Peak Gaussi- B-spline B- B- Mid Vimax
ples an 1 spline spline
2 3

1 1527 761 761 752 751 751 786,0 1,751
2 1545 724 723 729 727 727 772,5 1,749
3 1566 751 751 747 747 747 783,0 1,748
4 1540 716 715 720 718 718 770,0 1,748
5 1573 762 763 753 753 753 786,5 1,750

Del- 33 49 48 33 35 35 16,5 000,3
ta

max

Std 18,9657 21,4406 22,1991 14,8559 15,722 15,722 7,78941 0,00130

dev 6 2 8 6 6 6 4

Table 29: Comparison on the stability of each method (hon optimized threshold)
Test Samples Peak Gaussi- B-spline B-spline B-spline Mid Vimax
an 1 2 3

1 903 443 443 441 441 441 451,5 1,477
2 899 442 442 439 438 438 449,5 1,477
3 897 443 443 438 438 435 448,5 1,477
4 892 432 432 435 435 433 446,0 1,477
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5 893 432 432 433 433 431 446,5 1,478
Del- 11 9 9 8 8 10 5,5 0,001
ta
max
Std 4,49444 5,856 5,85662 3,19374 3,08220 3,97492 2,24722 0,00044
dev 1 6 4 7 1 1 7
Table 30: Comparison on the stability of each method (nearly optimized threshold)
Test Samples Peak Gaussi- B-spline B B spline Mid Vimax
an 1 spline 3
2
1 661 329 329 326 326 326 330,0 1,47
9
2 659 316 316 322 322 322 329,0 1,47
9
3 656 321 321 322 323 323 328,0 1,47
9
4 657 324 323 322 322 323 328,5 1,47
9
5 661 331 331 325 326 326 330,0 1,47
9
Del- 5 15 15 4 4 4 2 0
ta
max
Std 2,28035 6,05805 6,08276 1,94935 2,0493 1,87082 0,89442 0
dev 1 2 3 9 9 9 7

Table 31: Comparison on the stability of each method (optimized threshold)

Test Samples Peak Gaussian B-spline 1 B-spline 2 B-spline 3 Mid Vmax
1 505 5927(247) | 5927(247) | 5926(249) | 5926(249) | 5926(249) | 5924(252,5) 2,087
2 509 5939(248) | 5939(248) | 5940(250) | 5940(250) | 5940(250) | 5942(254,5) 2,087
3 506 5924(251) | 5923(250) | 5926(248) | 5926(248) | 5926(248) | 5923(253,0) 2,087
4 509 5939(248) | 5939(248) | 5939(248) | 5939(248) | 5939(248) | 5943(254,5) 2,087
5 507 5923(252) | 5923(252) | 5925(249) | 5925(249) | 5925(249) | 5922(253,5) 2,087
6 510 5939(249) | 5939(249) | 5939(249) | 5939(249) | 5939(249) | 5942(255,0) 2,087
7 507 5927(247) | 5927(247) | 5925(250) | 5925(250) | 5925(250) | 5922(253,0) 2,087
8 511 5937(247) | 5937(247) | 5939(249) | 5939(249) | 5939(249) | 5943(255,5) 2,088
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Amax1 5 4 (4) 4(4) 1(1) 1(1) 1(1) 2(2) 0,000
Amax2 2 2(2) 2(2) 1(1) 1(1) 1(1) 1(1) 0,001
Std1 0,957427 2,629956 0,816497 0,816497 0,816497 0,816497 0,408248 0,000
Std2 0,957427 0,816497 0,957427 0,816497 0,500000 0,816497 0,645497 0,0005

Table 32: Comparison on the stability of each method (optimized threshold), with the respective

12.1.3 Validation tests

corresponding step count

PSD/LASER POINTER DISTANCE (r) [m]

TARGET DIMENSION REQUIRED (I) [mm]

8 0,766
9 0,862
10 0,958
11 1,054

Table 33: Size of the target for each PSD/laser pointer distance

TESTN°® RESOLVER PSD POSI- NUMBER OF MIDPOINT MAX VOLT-
POSITION TION (X,Y) SAMPLES AGE
1 60844 (0,12,-0,12) 252 126 2,948
2 60842 (0,2,-0,2) 252 126 2,949
3 60846 (-0,12,0,12) 253 126,5 2,949
4 60842 (0,15, -0,15) 252 126 2,950
5 60844 (0,21,-0,21) 252 126 2,950

Table 34: Result of the validation test: position of the shaft expressed in position of the resolver,
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13 APPNDIX C

13.1Circuits

In this section the main circuits used in this work are reported. The first is described in the section
of the preliminary tests setup, paragraph 4.2. The second in paragraph 5.4, describing the electri-
cal setup of the main part of the tests. The last in the section of the validation tests, with the lase

pointer, in particular in paragraph 7.3.

13.1.1 Preliminary tests circuit

5549541

5F1 | LBoir)

ANALDG

Figure 65: Preliminary test circuit
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13.1.2 Fit methods reliability tests circuit

POWER
SUPPLY
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Figure 66: Fit method reliability tests circuit

13.1.3 Validation test circuit

POWER SUPPLY LAPTOP (ACER S3)
LAPTOP/PSD INTERFACE BOARD

MOTHERBOARD

ADC

MOTOR
CONTROL
BOARD RESOLVER BOARD

HALL SENSOR

SPI LASER POINTER

PSD

SPI

Figure 67: Validation tests circuit
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14 APPENDIX D

14.1 Dvd content

In the DVD-R attached to this paper it is possible to find all the files used and created during this

study. The files have been grouped in different folders:

1. The collection of all the data that were provided by the LRT at the beginning of the study,
for example the bachelor thesis for the selection of the sensing technology (folder: Bache-
lor Arbeit)

2. Alist of all the circuits and electrical setups used to perform the tests (folder: circuits)

3. Alist of all the datasheets used for each electrical/mechanical component

4. A digital version of this thesis

5. A collection of all the presentations given during the thesis preparation (file.ppt)

6. A collection of all the reports delivered month by month during the thesis preparation

7. A collection of all the data collected during the test, in each configuration/setup used in
this work

8. A folder of all the electrical and mechanical sketches of the tests setups

9. All the vi’s used to interface each component of the setups
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