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Tilt-Compensated Magnetic Field Sensor

Adam N. Bingaman

(Abstract)

Motion and tilt have long hindered the accuracy, reliabiétyd response of magnetic
detection systems. Perturbations in the magnetat ieading resulting from motion cause
degradation of the output signal, compromising the perfoceand reliability of the
magnetometer system.

The purpose of this document is to describe the develatpeenstruction, and testing of a
tilt-stabilized three-axis magnetic field sensor. Thesee is implemented as a three-axis general-
purpose magnetic field sensor, with the additional capyabilibeing implemented as a compass.
Design and construction of system hardware is discuasmty with software development and
implementation.

Finite impulse response filters are designed and implEden hardware to filter the
acquired magnetic signals. Various designs of medtansfare simulated and tested for
smoothing inclination signal irregularities and noise.

Trigonometric conversions necessary for tilt-compeaosatre calculated in software using
traditional methods, as well as the Coordinate Rotatigitdd Computer (CORDIC) algorithm.
Both calculation methods are compared for execution ainteefficiency.

Successful incorporation of all design aspects leadsttrtion and output of stable earth
magnetic fields, sinusoidal signals, and aperiodioatigres while the magnetometer system is
subject to significant tilt motion. Optimized systeneextion time leads to a maximum detectable
signal bandwidth of 410 Hz. Integration of azimuth anglewdation is incorporated and is
successfully tested with minimal error, allowing theteyn to be used as a compass.

Results of the compensated system tests are companed-tcompensated results to
display system performance, including tilt-compensatitecgveness, noise attenuation, and
operational speed.
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Chapter 1Introduction

This thesis presents the design, construction, testaga@alysis of a tilt-stabilized magnetic
sensor, or magnetometer. In this chapter, the problssegiated with tilting a magnetometer
system are explained. Additionally, the project reseapproach and organization are presented.

1.1 Problem Statement

Information about the magnetic fields within an environneamt be extremely useful for many
different purposes. The strength and orientationroégnetic field allows for accurate navigation,
as well as proximity detection of nearby ferrous objectsther stray magnetic sources.

Physical stability is crucial for reliable and accuraadings from any magnetometer or compass.
Tilting motion causes the magnetometer to move throughewgurrounding magnetic field,
causing output fluctuations in either field magnitude, dioggtor both. Where a stable base is not
possible, as in planes, jets, boats, automobiles, omamyting device subject to motion,
compensation for the magnetic sensor motion and aititrne conducted.

For this thesis, a tilt-compensated magnetic sensobt@apareading the magnitude of the
surrounding magnetic field in three Cartesian coordiaaés is designed, constructed, tested, and
evaluated. The system’s ability to compensate fointithagnetic field readings is analyzed after
finite impulse response digital filtering, impulse-removingdian filtering, tilt compensation and
execution time optimization algorithms have been agplie

1.2 Review of Literature

Magnetic sensors have been the target of signifadvénces in technology in recent decades.
However, simple magnetic sensors have been used W§indgar navigational and orienteering
purposes for centuries in the form of the compass. ddéivg by ship, flying aircraft, or driving a
motorized vehicle requires navigational skills, and uhgaltecent development of the global
positioning system (GPS), the compass and map have betolhef choice. Detection of the
navigator’s heading with respect to the Earth’s magriela allows for insight into the direction
and heading of the vehicle. A weakness of the compaamsyomagnetic sensor, however, has
been the presence of motion. Tilt resulting from orobdf the sensor within the surrounding
magnetic field causes inaccurate and unreliable readioggromising the magnetometer’s
performance. Compensation of tilt using accelerometetsrelinometers has been previously
explored and using several different methods. Invariaiihgn not mechanically stabilized, the
tilt of the magnetometer or compass system is foundrandector calculations to compensate for
the tilt are then implemented. With the developnaemt widespread use of the digital
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microcontroller, calculation and compensation havab® fast and accurate processes.
Extensive work has been done using Field Programmable GatgsAFPGA) to implement
trigonometric calculation along with sensor intenf@cio quickly and accurately compensate for
magnetic sensor tilt. This has been the most desinadéibod for this calculation, due to the
FPGA'’s principal advantage of being an application-speaifegrated circuit, found by Laulainen
et al [1]. Implementation of the digital microcariter has been explored and evaluated as a
formidable alternative to FPGA magnetometer systems.

To most accurately compensate for tilt error, noisdénmagnetic field readings is maximally
attenuated, and the tilt angle of the sensor itsefftrba calculated with minimal error. The
algorithms that accomplish these tasks require additimi@bcontroller instruction cycles.
Therefore a longer amount of time is required as tharacy, reliability and effectiveness of the
magnetic field reading calculations are improved. Tha gbthis project is to outline and present
the findings of designing, building, and programming of actitapensated magnetic field sensor
with the added capability of use as a compass. The nuagetsr system implements fast and
effective filtering, compensation, and calculatiogaaithms on a simple and inexpensive
microcontroller.

To further understand the requirements of a tilt-compedsatgtem, the physical and electrical
makeup of the magnetic sensors themselves are explonptemented in this project are
anisotropic magnetoresistive (AMR) sensors from Hondywiernational [2, 3]. AMR sensors

are composed of permalloy thin films in a Wheatstomgbkrsetup; thus when magnetic fields are
incident on the resistors, the direction of curremivfis altered, changing the resistance of the
sensors [2-4]. This characteristic of magnetoresistalees them sensitive to magnetic fluctuation
in one direction, and thus with multiple sensors, aiplelaxis sensor system can be implemented
[5-8]. Finer detail into the physical construction andrabieristics of the AMR sensor as well as
how to implement them as transducers and sensors enpedsy Holman [4]. The dynamic
detectable magnetic field range of an AMR sensor ramgesdpproximately 6 Gauss down to
several microGauss (£} dependent on manufacturer, specification, and constmjé], The
bandwidth of AMR sensors is typically on the ordelest than 1 kHz [2, 3]. One characteristic of
the AMR thin film materials is degradation of the magndomains with time and outside
interference from a magnetic field of large magnitude [B) ensure the sensitivity of the
magnetoresistive sensors is maximized, occasionaigavand realignment of the magnetic
domains is suggested. This is accomplished via several g passistor and capacitor

switching circuits. The purpose of the switching cireuto sink a short current pulse through
resistive straps in the magnetic sensor chips, thulupnag a large magnetic field pulse to reverse
and realign the magnetic domains, increasing the sensbiihe sensors [6].

Inclinometers output a voltage or current based on theination, based on the angle of
inclination with respect to the force vector of gravity. [ Calculation of the output angle of the
inclinometer varies with manufacturer, model, consionctand damping of the output signal. To
calculate the tilt of the magnetometer systemHa project, inclinometers from VTI
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Technologies are implemented. These inclinometersdechn overdamped
microelectromechanical system (MEMS) with a bandwaith8 Hz. Factory tolerance of
+0.0025 degrees of inclination is guaranteed [7].

Compensating for the tilt angle of the magnetic seresguires readings from both the
inclinometers in at least two axes of rotation (ralil gitch) [1, 10-13]. From the angle of
inclination, the magnetic vector magnitude detected in e&tte three Cartesian coordinate axes
can be transformed back to the horizontal planetiveléo gravity, by several trigonometric
calculations. These calculations include only sine asthe calculations of the roll and pitch
angles. With an arctangent calculation of the rastil2-axis magnetic conversion, a heading, or
azimuth angle, can be calculated in the 360 degree htalzadane [1, 11-14]. Heading calculated
from such compensated magnetic field vectors varies depemaéme sign of the two
compensated horizontal axes’ output [1, 8]. Readinglseofitagnetic field can be altered by many
outside sources, including stray currents, ferrous objecstgerature drift, sensor bandwidth, or
field distortions. The errors associated with alllefse sources of magnetic interference are
estimated and considered in the tolerance of systeignol@s 10]. Noise filtering can be achieved
by any digital or analog filter, and a sampling frequenic®50 Hz has proven sufficient for
compass-specific noise filtering for the magnetic séasandwidth [1].

To accurately calculate the tilt compensation of tlagmetic field readings, the output of the
inclinometers must be as noise free as possible. dpugh-speed change in inclination angle,
large acceleration or deceleration impulses resubhethe high-frequency content of this step-
like input reaches the limits of the bandwidth of thdimometer, a high frequency output can be
expected from the overdamped inclination sensors[11, 12thi&kigh-frequency content

exceeds the frequency of the sensor bandwidth, an imlikeseesponse is produced. Traditional
linear filters are inadequate for the purpose of impattsnuation, as a transient response is output
with an impulse filter input [13].

To account for this high-frequency content of the possilplet signal for the inclinometer, it has
been documented that median filters of varying typesepsotficient for eliminating or

attenuating the impulse-like response of the signal [14-B&)viding high-frequency attenuation
while still maintaining a low-noise and transient-fresponse is just one characteristic property of
the non-linear median-based filter. Properties, atarstic tradeoffs, responses, and
implementations have been documented for various &lttehitectures and specifications,
including location in time of median values, weights, filber structure [14-17]. During the last
half-century, the median filter has been the targsigfificant research, and numerous variations
of the first explored center-weight and alpha-trimrfikers have been developed and explored
[14, 15]. Some of these variations can be implementetthéopurpose of inclinometer signal
filtering, to eliminate the possibility of high-frequencgntent of the inclination signal with their
outlier rejection capabilities.



One such variation of the median filter is the alpitamed median filter. One of the most basic
median filter architectures, thetrimmed median filter is a smoothing-type filter. Reag only
sorting of an input data array, thgrimmed median filter is an efficient filter for srathing
impulse or outlier-laden data [15, 16].

Numerous variations of the median filter have beenldpee by Heinonen that incorporate FIR
filter substructures. This FIR implementation allowsfést filter calculation with simple
execution routines, and proves to be valuable in im@tteauation while maintaining the
sharpness of the desired signal corners. Output ¢fiRbased median filters is calculated as the
median of a varying number of FIR substructures. Thetsudbsres can be weighted, trimmed, or
mean calculations, based on the FIR coefficient vadiiise system. Characteristics of the filter
are reflected in the nature of the output, as wethasattenuation of components of the input
signal, and have been explored and documented by Heinoddyeaivo [18-20].

Several other variations of the median filter havenlveloped and implemented by Hardie and
Broncelet called Lower-Upper-Middle (LUM) filters [21These median filters are highly
versatile in their ability to alter their characgties based on the required amount of smoothing or
sharpening of the signal being filtered. In a LUM smoottter data points considered in the
output are closer to the center of the data array,larsddutliers are eliminated. In a LUM
sharpener, data points considered in the output are takmaritie end (chronologically newest and
oldest) portions of the signal window, and thus high frequ@erturbations are preserved and the
signal is sharpened. LUM filters possess the usefubctexistic of being capable of creating
hybrid models of the two types of filter for the purposealfincing smoothing and sharpening of
the desired signal. These entire filter architectaresuseful for one-dimensional signals as well
as two-dimensional signals, and thus have significgavance in the field of image processing
and enhancement [21].

After the angle of inclination is calculated, tilt cpemsation can commence, as discussed above.
Trigonometric calculations of sine, cosine, tangentlmaeasily executed with microcontroller
programming. Due to the large amount of sine and cosloelaions needed for the tilt
compensation [1, 8, 22-24], the bandwidth of the magnetymsgstem can be compromised.
Developed and documented by Volder, the Coordinate RotatgpptaBComputer (CORDIC)
algorithm is capable of significantly reducing the instruceaxecution time of trigonometric and
hyperbolic calculations versus floating point or traahtil integer calculations [25]. Hence,
CORDIC is explored as a possible alternative for ¢alog these trigonometric values. The
CORDIC algorithm iteratively calculates trigopnomeftaction results based on a set number of
iterations and conditions, usually limited by the numbdits of the digital system. Investigation
of the convergence, accuracy, and implementationeo€RDIC algorithm was conducted by
Walther [26]. Numerous other explorations of the alhonitevealed analysis of the iteration
process and precision of the iterative process [27], gpansions of the architecture of the
algorithm and quantization analysis have also been exp]28230].



Magnetic field readings for the tilt-compensated magneter are acquired by Honeywell
International’s HMC2003 module. A three-axis magnetonmtstem, the module contains
onboard lowpass filters for noise attenuation. Addaidiltering of the magnetic signals is
achieved via finite impulse response (FIR) filters ofoias orders. Abundant amounts of
literature covering FIR and other digital filters araitable. Estimation on FIR filter order,
structure, and characteristics can be found in Proakid/amolakis [13, 31]. General FIR filter
structure, as well as implementations and applicaaoa®utlined by Smith [31].

1.3 Approach and Results

This thesis develops a three-axis, tilt-compensated nageétr system capable of stable and
accurate magnetic field reading when perturbed with motion

Low-cost anisotropic magnetoresistive sensors areemmg@hted in system hardware, and tilt is
acquired via two inclinometers positioned in the horiabptane. Filtering of the inclination

signal is accomplished via a median-based filter, deteanirom simulation and onboard
implementation as the most suitable filter to smooih @iminate high-frequency motion impulses
in the signal. Finite impulse response filtering is lenpented on the magnetic field reading of all
three axes, due to the advantage of ease and flexildilitgysagn while matching the relatively
large phase delay of the inclinometer’s median filiése Coordinate Rotation Digital Computer
(CORDIC) algorithm is explored as an alternative to ti@waitl trigonometric calculation to

quickly and efficiently calculate the trigonometrionstants associated with the tilt of the system.
Simple trigonometric equations are executed to comperwatié fn the magnetic readings.

Test results, including system effectiveness and ealoulation are analyzed in subsequent
chapters.

1.4 Outline of Thesis

Chapter 2 presents the basics of electromagneticadingl magnetic fields. Effects of tilt within
a magnetic field are discussed, and the sources of possibts in field continuity are discussed
in detail.

Chapter 3 discusses the hardware implemented in the maggtet system. First, anisotropic
magnetic sensors are explored, including theory, constniimplementation, and necessary
interface procedures to maximize performance. Nexinmwleter theory, as well as operation,
implementation, and error are discussed. Microcoetralhd general hardware connections and
specifications follow, with emphasis on data line cotines, resolution, and processor speed.
Finally, construction and testing of the tilt magnettenglatform is discussed.



Chapter 4 presents analysis of the signal processingtaggehe magnetometer system. First, the
necessity of median filtering is discussed along wittugation, analysis, implementation, and
testing of various architectures of the nonlinear-typerél Next, simulation, implementation and
testing of digital finite impulse response filters axplored with analysis of results following.

Chapter 5 discusses the trigonometric calculations, inguetploring the CORDIC algorithm for
fast and efficient execution of trigopnometric calcialas for the purpose of tilt compensation.
Theory of the algorithm is presented with detailed exgiian of advantages and disadvantages of
each algorithm’s execution. Error, resolution, and cayesgece of CORDIC are discussed with
testing, results, and analysis closing the chapter.

Chapter 6 outlines the calculations required for tiltlapensation. Integration of the compensation
equations is discussed, and calibration of the magnetosystiem for maximum performance is
discussed. Results and analysis of calibrated and coneenests are provided.

Chapter 7 provides results of filtered and compensatechgsadf steady magnetic fields with
varying types of motion stimulation. Tilt-stabilizatieffectiveness results are discussed with
analysis of magnetic field readings with and withdtistabilization. System bandwidth from
sampling frequency and execution time are discussed. rimeplation of the magnetometer
system as a compass is tested and accuracy is analyzaddition, varying magnetic fields are
presented to the system displaying the capability of trgnatameter to detect fluctuations while
in motion.

Chapter 8 closes with conclusion and recommended futude viRmrssible expansions,
improvements, and changes necessary to improve tiséatiitized magnetometer are provided.



Chapter 2 Magnetic Fields

This chapter provides basic electromagnetic field theath emphasis on magnetic field
properties. Information about magnetic sources, inclucanthdield, materials, and interference
are discussed.

2.1 Origins and Equations

Iron oxide ore, also known as lodestone, was found to mmagmetic properties many centuries
ago in the region of Turkey, or as it was known thengihdsia. It was found that magnets both
attracted and repelled one another based on their oitantateach other. Several theories into
the cause of this phenomenon arose amongst signifiesedirch between the"lénd 18
centuries [4]. Still not completely understood todag, riiovement of electrons within the
magnetic material is widely accepted as the sourceaghetic fields, whether it is from electric
current, or the electrons making up the magnetic monferdtaral or artificial magnets.
Significant developments in electromagnetic theoryewd®veloped by Ampere, Faraday, and
Gauss, among others [32-34].

The basis of all electromagnetic theory was develoged Ampere, Gauss, and Faraday’s work
by Maxwell with his four equations of static electrielfis and steady magnetic fields.

V-D=p, (2.1)
VXE=0 (2.2)
VxH=] (2.3)
V-B=0 (2.4)

RelatingD andE in a vaccuum, as well &andH are the following equations:

A magnetic field is described as a vector, and thus inastidn and magnitude. Originating from
the poles of a magnet, equipotential magnetic flux lepes) from one pole to the other (north to
south), as seen in Figure 2.1.



Figure 2.1: Magnetic field of a bar magnet.

As radial distance from the magnetic source incredalesnagnitude of the magnetic field
decreases. If distance from the magnetic source sesea decreases normal to the direction of
polarization, the direction of the magnetic field fins, ideally, unchanged.

Magnetic fields also result from electric currentflog through a conductor. Generated in a
radial direction around the direction of current floamggnetic field intensity is also inversely
proportional to the distance from the conductor.

B
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Figure 2.2: Magnetic field resulting from current flow.

2.2 Earth’s Magnetic Field

The magnetic field of the Earth acts as a dipole fwlith the north and south poles being the
termination and source of the lines of magnetic flutted from true (rotational) north by 11.5

degrees [35], the earth field plays a vital role in déifkgcparticles from charged solar wind out of
our atmosphere and into space.



Figure 2.3: Magnetic field of the earth with permission fom Honeywell International [9].

The source of earth’s magnetic field is not 100% understaah to this day. However, theory
and experimentation by Elsasser, Bullard and Alfvén sapported Larmor’s theory of a self-
exciting dynamo process [36, 37]. This process thecotiegpressure changes and constant
movement of the earth’s crust induces electrical ossri;m magnetic materials contained in the
core. This, as well as additional background informastiatiscussed by Merrill, McElhinny and
McFadden, as well as Gubbins and Herrero-Bervera [36, 37].

2.3 Tilt Effect

Magnetometers that detect fields in the three Gariesxes detect the vector quantities of the
surrounding magnetic field in these respective direstidn addition, by detecting the vector
guantities of the two axes perpendicular to the vectoefof gravity (horizontal plane), the
heading, or azimuth angle of the magnetometer reltditiee earth field can be calculated with the
arctangent of the two magnitudes of the vector quantilessumingx andy are in the horizontal

plane: . (Y
Heading = tan (;)

2.7)

Upon tilting of the magnetometer, the direction of bgensitivity has changed, and thus the
vector quantities detected by the magnetometer change.
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Figure 2.4: Tilted three-axis magnetic sensor and vectoreld quantities with permission from Honeywell Intemational [9].

Trigonometric tilt compensation for motion is poseiklith proper tilt angle data. This calculation
process allows for magnetic field detection and accuredeing calculation regardless of the tilt
of the magnetometer itself.

2.4 Interference

Magnetic fields can be distorted, changed or subjectaofémence from many different sources.
Nearby magnetic materials, such as iron, nickel, andlcoause distortions in the nearby
magnetic field. The magnetic field lines bend towardférrous object, and thus a once uniform
field now possesses directional distortion. Thisafiethe basis of the majority of electronic
traffic detection systems, and has also been implexdentsensors that detect subterranean
minerals in the fields of mining and petroleum extractio
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Figure 2.5: A ferrous object presented to a uniform magetic field results in field distortion. With permission from
Honeywell International [9].
External interference and distortion are also presaot&arth’s magnetic field from cosmic
sources. Solar flares eject charged particles intoesand upon colliding with the earth’s
outermost magnetic field, are deflected. This defhectiistorts the shape of the magnetic field,
and has been known to interfere with sensitive elatrdevices.
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Chapter 3System Hardware

This chapter introduces the various pieces of hardwarkeingnted in the magnetometer system.
Including inclinometers, magnetic sensors, and the ansbmicrocontroller, interfacing of all
components is discussed. Testing of the inclinonatdmagnetic sensors is provided, with
emphasis on directional sensitivity and possible ssun€@oise. In addition, design and
construction of a wooden tilt-platform, on which tlystem hardware is mounted, is presented.

3.1 Magnetic Sensors

Magnetic sensors have been in use by the humaramacenturies for navigation and orienteering.
The earliest form of the magnetic sensor was thepess. In recent decades, numerous variations
in materials and construction of magnetometers hawed for not only direction readings, but
highly sensitive vector magnetic field readings.

3.1.1 Origins

The simplest magnetic sensor is the needle compassh v8 simply a small, well-balanced piece
of magnetized material that lines up with surrounding reigfields. In 1857 William Thompson
discovered magnetorestriction, or a resistive chamgeaterial when magnetic fields are
presented. Discovered in an iron sample, this phenameas also found to be true in many other
materials [4]. Further discovery and research led toenauos variations of the magnetic sensor.

Flux gate magnetometers are composed of a serieshdy leignductive windings, which produce a
voltage when a magnetic flux is presented through thdings. Requiring little power to operate,
flux gate sensors are widely used in many fields of studlyindustry [38].

Hall effect magnetic sensors utilize the Hall effedhich states that a torque is presented to a
moving electron within a magnetic field. With the torqaepltage is created, and the field
magnitude is detected. Hall effect sensors typicathglpce low voltage-to-field outputs, and thus
are widely used to detect magnetic fields of large madeif4, 38, 39].

Superconducting Quantum Interference Device (SQUID) magmters work using a thin
insulating layer to separate two superconductors. Pertnbati the magnetic field produce a
voltage across the insulated gap, making SQUID magnetosr&ime of the most sensitive
devices available today [38, 39].

Several other more complicated magnetometers witfingadegrees of sensitivity have also been
developed and used successfully. Further discussion ofithaeas magnetometers is available
from Makovec and Ripka [35, 38].
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3.1.2 Magnetoresistive Sensors

Magnetoresistive sensors are a simple and inexpensiveofithe magnetic sensor.
Magnetoresistive sensors are typically made out of @y a nickel-iron alloy, which was
found to have almost zero magnetorestriction [4]. dvaeters to microns thick, permalloy thin
films have been found to have very useful sensor propdréised on resistive changes when
magnetic fields are applied.

3.1.2.1 Origin and Construction

Thin film permalloy magnetoresistive sensors are depdsih a substrate on a nanometer scale by
any number of known methods (such as sputtering) [4,188he case of the anisotropic
magnetoresistive sensors (AMR) used in this projeetstitostrate on which the film is deposited

is the silicon wafer of the sensor chip. For a magrsetnsor to be sensitive in one direction, or
axis, a magnetic field is presented at the time of dapongo align the magnetic domains [4, 32,
38, 39]. This magnetic alignment, or easy axis, is tyipigarallel to the lengthwise direction of

the magnetoresistor. Current flowing through the thim &t a direction that creates an@le

between the current flow and the magnetization ohtheerial is presented with a resistance that is
proportional to the angl®. When a magnetic field is applied, as in Figure 3.1pthgnetization

is shifted from nominal, and the an@ebetween the current flow and the magnetization is
changed. Thus, a change in resistance is the result.

Permalloy (NiFe) Resistor

Current I -
/{Z Magnetization M

Easy Axis no applied field
f Cur%,/' M 2

? Happlied
Figure 3.1: Magnetization direction change from applied ragnetic field alters sensor resistance. With permiss from
Honeywell International [6].

To direct current in a non-parallel direction as degdila barber pole setup is implemented on the
thin film resistor. Set at 45° angle to the lengtlendgection of the resistor are several parallel
conductors. Thus, the shortest and least resistivefgrathirrent to flow lengthwise down the
resistor is at a 45 © angle to the magnetizatioradtiition, to increase sensitivity, a Wheatstone
bridge setup is employed on the chip, implementing four AEMsars, and thus a differential
output voltage can be detected proportional to this ahangesistance.
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Figure 3.2: Wheatstone bridge architecture displaying théarber pole biasing of the AMR sensors with permissiofrom
Honeywell International [9].

3.1.2.2 Set/Reset Pulse

After initial factory magnetization of the easy (séwms) axis of the AMR sensors, the magnetic
domains that were aligned to create the magnetizatiodri, or demagnetize. Upon strong
external magnetic fields, or over time due to thermiétl dhe magnetization of the domains
becomes misaligned, and the easy axis sensitivitlyeofrtagnetoresistive sensors decreases.

To alleviate this problem, a strong magnetic field is agphea known orientation to realign the
domains and reestablish the axis sensitivity of the AMR@&s.

Mermalloy (NiFe) Resistor

- T~ — -—

-—
-

PN oS

- *-\,_._ _» Orientations

—

Fasy Axis Magnetization

After z Set
ar Reset Pulse

Figure 3.3: Random domain orientation versus domain origtation after a set or reset magnetic pulse. With grmission
from Honeywell International [6].

In the Honeywell HMC2003 three-axis magnetometer moduotdu@des one HMC1001 and one
HMC1002 sensor — see Section 3.1.3) implemented in this prijecis accomplished via a
set/reset resistive strap that is oriented belowAMIR sensors in their sensitive direction. Upon a
high-voltage pulse, current flows through the resistivapstor several (typically less than 3)
microseconds and the magnetic pulse resulting fromauhent realigns the magnetic domains.

The set/reset circuit used to create the magnetiefcupulse can be seen in the system schematic
in Appendix A and in the HMC1001/1002 datasheet [2].
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3.1.3 Implemented hardware

The magnetometers implemented in this project aréltmeywell International HMC1001 and
HMC1002 AMR sensors. Both sensors are sensitive to +2183a any sensitive direction, with
the HMC1001 being a one-axis sensor in a single inline packdBg @nd the HMC1002 being a
two-axis sensor in a 20-pin SOIC package. The HMC1002’s tnspsg are oriented
perpendicular to one another, allowing bidirectional seitgit Mounted together, the HMC1001
and HMC1002 sensors create a three-axis magnetometer ncatletethe HMC2003. Containing
signal amplifying circuits and 1 kHz lowpass filters, tHd€R003, seen in Figure 3.4, is also
sensitive to £2.0 Gauss of magnetic field magnitude.

Figure 3.4: Honeywell International HMC2003 three-axis magatoresistive module [3]. With permission from Hongwell
International [3].

The HMC2003 module sensors output a nominal +2.5 volts ol dield reading, with field
variations causing a +1.0 Volt/Gauss change in output [3].

3.1.4 Testing and Results
To display the easy axis sensitivity of the Honeywi1C2003 module implemented in this
project, several experiments are performed.

To begin, a three-axis magnetic reading is recorded Wiglenagnetometer hardware is rotated
360 degrees in space relative to the horizontal (X ande¥)gdane. The readings reflect the raw
magnetic field detected by the sensor. It can be seEBigure 3.5 that, as expected, the X and Y
axes are 90 degrees offset from one another, as th@yianted orthogonal to one another. In this
case, there is a magnetic component in the Z (@drarection with a larger magnitude than that
reflected in the X and Y axes.
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Earth Magnetic Field Reading During Horizontal Magnetometer Rotation
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Figure 3.5: Magnetic field reading while magnetometer sesor is rotated in the horizontal X-Y plane.

The next experiment is very similar to the previoushwit alnico (AINiCo) magnet rotated 360
degrees in the X-Y plane one meter above the magnetanfeotation of the dipole magnetic
field, similar to rotating the magnetic sensor within sheady magnetic field in the previous
experiment, can be seen in Figure 3.6. This test owtflacts an initial offset calibration of the
magnet’s dipole aligned in the Y-axis direction, zegoout all readings with the magnet present.
Thus, when the magnet is parallel to its original posjta zero reading is observed.

Tilt Measurement of Independent Roll and Pitch Stimulation
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Figure 3.6: Magnetic field reading of X and Y axis senserwhile alnico magnet is rotated one meter above magnetiensors
in the horizontal X-Y plane.
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Finally, to further examine the sensitivity of the magnsensor’s easy axis sensitivity, an initial
data value of the surrounding magnetic field is taken mpdeimented as an offset, thus zeroing
the readings of the magnetometer. An alnico bar etagrthen moved closer to the magnetometer
from a significant distance to within 1 meter of tirewt board. The magnet is moved to this
position from a great distance (greater than 20 metehssiexperiment) to ensure the initial
magnetometer readings are unaffected by the magneisd position. When moved closer to the
sensor, the magnetic dipole is aligned with the X @x¥, and then again removed to an
undetectable distance. This process is repeated in 90 detat@nal intervals. It can be observed
in Figure 3.7 that each axis is sensitive in its own reg@edirection. In addition, small nonzero
perturbations in the magnetic readings of the cross-apepresent. This is a result of cross-axis
error due to imperfections in magnet alignment relatveensor axes, as well as very small
imperfections in the magnetic sensors.

Magnetic Field Readings of Three-Axis Magnetometer -
Alnico Magnet Presented and Removed at 90 Degree Increments

0.8 B E—— . {
| Field aligned, Field aligned | |
|| with X-axis | with Y-axis | |
o6+----—-—------ e e I 4 -~ |
l l l
| | |
| |
04F-----—-—-—-—-—- Lo Ao X-AXis |
—_ ! ! Y-Axis
@ | | Z-Axis
2 020 bl ‘
) | | |
| | |
g | | |
k= 7 ]
I | 1
& | W
) | ! |
f_: '0.27777777777"T77777777777\7777777777777777777777777777777777’7 7777777 ]
e | | |
5 l l l
) 04—+ T I e el el TFFr-—-- —
g | | |
| | |
0.6F----————— e IS I .
/| Field aligned | Field aligned |
™| with Y-axis | with X-axis |
08+---------- B e e g — - — - — - — -
| | |
l l l
| | |
-1 L L L
0 500 1000 2000 2500 3000

Figure 3.7: Alnico magnet presented and removed from magtic sensor in 90 degree rotation intervals.

3.2 Inclination Sensors

Inclination can be measured by many varieties of senisatsding accelerometers, inclinometers,
levels, or gradiometers. Any of these devices are wsddtect the angle of inclination of a plane
relative to another plane or force, usually the suréddbe earth, or the pull of gravity.
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3.2.1 Variations

There are many variations of devices that are capalfeasuring inclination angle. These
devices all present different levels of sensitivity. dUpamarily in the field of geophysical
studies, some variations of inclination sensors carctpeeturbations in inclination down to 10
radians [40]. Other sensors, depending on materialsargiruction, present lower levels of
inclination sensitivity, as well as cost.

Several different construction methods are incorporiatednclination sensors. The most
common types of sensor transducers are spirit bubblzphtal pendulum, vertical pendulum, or
MEMS [40].

Spirit bubble type sensors implement a liquid with a gdeble present within a container, much
like a traditional carpentry level. With gravity workingon the liquid, the location of the bubble
within the vessel is detected by any number of elet¢wicemechanical transducers to decode the
inclination of the sensor itself relative to the veabgravitational force [40].

Pendulum devices track the position of a gravity-driverdpkrm within the sensor, and the
inclination of the sensor is decoded by any means of #ng4@8]. MEMS devices fall under this
category of sensor, differing only in size, as the MEM&typically etched or printed on the
micrometer scale within chips or embedded systems.

3.2.2 Implemented Hardware

To measure the inclination of the tilt-stabilized magnetter system, low-cost inclinometer
sensors from VTI Technologies are implemented in hardwThe SCA61T-FA1H1G
inclinometers are sensitive from £90° of inclinationthaan output of O to +5 volts of inclusive
full scale range, and are contained in a 8-SMD package [7].

The SCAGB1T series of inclinometers are MEMS-based senaih an overdamped sensing
element for vibration attenuation. Calculation a thclination angle of the sensor is most
accurately accomplished via inverse sine calculation:

Vour — VOFFSET)
2V/g

where V¢ IS the current output voltage of the inclinomei@g s is the initial reading, or zero
calibration output, and 2V/g is the output sensitivityredf SCAG61T sensor.

— oin—1
Anglegyt = sin ( (3.1)

Two inclinometers are implemented in hardware forphigect, with one sensor aligned in the x-
axis direction, and the other aligned in the y axisatiive, creating horizontal roll and tilt
measurements relative to the vector of gravity. Thessass, when interfaced simultaneously
provide complete two-axis data on the inclination ofdineuit board. The convention used for
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this project will entail pitch angle is measured astimtaabout the Y-axis, and roll angle is
measured about the X-axis.

3.2.3 Error

The inclinometers implemented in this project are saltgeerror in accuracy and precision due to
several different electrical and physical mounting eaus

First, mounting of the inclinometer on the circuit ibaself presents physical error in inclination
angle measurement. To eliminate this error, the diggsdlution of the inclination system must be
known. For example, in this project 12-bit analog-to-digibnverters are used to sample the
inclination angle readings. At a full-scale range 8% the resolution of the system is 0.044°. To
ensure that the error due to mounting is minimized, i must be positioned within less than
0.044°0of alignment with the easy axis of the magnetometstegy. Due to surface-mount
soldering and mounting precision error, this is attemptedndt necessarily accomplished in the
construction of the circuit board (also discussed tti®e 3.3 and Chapter 6).

In addition, slight sensitivity errors are presentia system. The tolerance of the inclinometers is
+1.5% at high degrees of inclination [41]. Cross-axis enothe effect of a perpendicular axis tilt
causing output in a non-tilted sensor, is less than 5% [41]

Finally, due to the overdamped transducer system onboaBOA61T inclinometers, the
bandwidth of vibration frequency attenuated by the systemsdpam O Hz to approximately 10
Hz [41]. In the case of extremely high-force pertudret (greater than 5g) from large
acceleration conditions, the overdamped system maeaaperturbation from a zero point shift.
This is discussed further in Section 3.2.4.

3.2.4 Testing and Results
To test and display the output of the inclinometetesysfor this project, two tests are performed.

First, a simple test of inclination angle is executbwtlination of approximately 30° to 35 © in both
the positive and negative direction is performed sequlnioa both the X-axis and Y-axis
inclinometers. It can be seen in Figure 3.8 that easbas responds as expected, and a very
minimal cross-axis error is seen due to possible mouatidgelectronic error, as mentioned in
Section 3.2.3. The errors, displayed as deviation fromirelination, are also the result of
manual imperfection in initial and cross-axis alignmaunting the test. This error can be expected,
as the tilt is created in the two tilt axes by hand.
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Tilt Measurement of Independent Roll and Pitch Stimulation
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Figure 3.8: Inclination of magnetometer board to approximé#ely +30°.

To examine the performance of the inclinometers at tigfuency, a large acceleration excitation
is required. To accomplish this goal, a step-like inpptésented to the magnetometer system by
means of accelerating the rotation of the system usenfpte of gravity. This is accomplished
via the step input platform designed for the magnetonsgitem (discussed in detail in Section
3.4). The step input is powered by a nonmagnetic weighistheleased while attached to the
platform. The weight inclines the platform at aeraf acceleration of 9.8 meters/secoatithe

edge of the platform where it is mechanically stoppea aingle of +45°. This signal elicits a
high-frequency response from the inclination system, ameffiects of the overdamped MEMS
system can be seen in Figure 3.9 below.

Grauvity-Driven Step Response of Incinometer

Inclination (Degrees)

Time (sec)

Figure 3.9: Sample gravitational inclination response ahe SCA61T inclinometer at 9.8 m/s2 to inclination of 45°
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It is clear from the figure that the inclinometersquoe an impulse-like undershoot. This is a
result of a zero point shift and the overdamped systeia,change in the zero-reference point of
the MEMS system as a result of the large amount geditinge acceleration force [41]. This effect is
reflected in step responses of all angle magnitudes asgisconsistently throughout all
inclinometer devices tested (see Figure 4.1). Though tnoé atep response due to the controlled
rotational acceleration of the platform, the ac@len of gravity is assumed to be the greatest
acceleration presented to the magnetometer systens, fon the purpose of this report, the
rotational signal produced from the gravity-driven accelenafseen in Figure 3.9) will be referred
to as the system’s step response.

3.3 Circuit Design

Integration of all components of the circuit boara)uding the dsPIC microcontroller and all
interface devices is accomplished using circuit desigrpantked circuit board (PCB) software.
System specifications are primarily determined by compom@qterties, with the focus being on
instruction cycle, communication and execution speedg lmeaximized. The complete circuit
layout can be seen in Appendix A.

3.3.1 Components and Specifications

Interfacing the magnetometer and inclinometer deviceghi®project is Microchip Technology’s
dsPIC™ microcontroller, dsPIC30F5014. Operating at 16 bits and possessing 44 kilobytes of
program memory, 4 kilobytes of data memory and 1 kilobfifeEEPROM, the
dsPIC30F5011microcontroller is capable of a maximum of 3@omiihstructions per second
(MIPS) [42]. On-chip are several communication modwésyhich the universal asynchronous
receiver transmitter (UART) and serial peripheratiface (SPI) are implemented. Sampling the
analog inclinometer signals is the microcontrollerd®oard 12-bit analog to digital converter
(ADC). Chosen over communicating with the inclinomstenboard SPI module, the 12-bit ADC
allows for flexibility in sample speed and output formataddition to requiring fewer instruction
cycles, and thus execution time. Clocked by a 6.144 MHzatryscillator with phase locked loop
(PLL) at 16x setting, the dsPIC microcontroller opesate24.576 MIPS. System timing and
sampling is controlled by one of the microcontrolléive onboard timer modules. The system
will be programmed and debugged via Microchip’s in-circuit debug@?2).

Communicating through the SPI module at a clock frequeh6yld4 MHz, the magnetometer
signal is sampled by Analog Devices’ AD7784ADC. Set to 16-bit resolution, the ADC is
capable of up to 15 kHz sampling rate, depending on seveiagseihcluding filter word length
and chopping (see [43]), both of which affect the numbe&oafe-free bits. This tradeoff in bit
resolution versus sample rate provides flexibility in desigd testing of the magnetometer
system, and thus is chosen over utilizing the micragotlet’'s onboard ADC. These tradeoffs and
specifications are covered in detail by the datasheet Apalog Devices [43]. For the purpose of
this project, filter word is set to a value of 8 wattopping enabled. This results in a sampling
time of 207usec, 4826 Hz output data rate, and a -3dB filter word clrexftiency of 2500 Hz.
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At higher sample rates, including the output data ratéeimgnted, the effective resolution of the
ADC is less than 16 bits, and thus approaches the resodftibe 12-bit readings of the
inclinometers.

Powered by a 9V external source, a single 5V linear regyt@wers the digital components of the
system, while the 9V source is decoupled and powers thegaslactronics onboard the
HMC2003 module.

Communication to the PC is accomplished via a general ppiR8232 driver interfacing the
UART module, which is set to a baud rate of 115,200 bits pendec

Accomplishing the task of creating a set and reset pois@dgnetic domain alignment is a simple
switching transistor circuit, which can be seen in Apipe, the HMC1001/1002 device
datasheet, and application notes [6]. This circuibistrolled by one of the microcontroller’s
general purpose input/output (I/O) ports.

3.3.2 Layout

A printed circuit board layout is designed and construgiedurface mount reflow soldering
techniques. The HMC2003 magnetometer is positioned aetitercof the circuit board (within
0.02 mm), with the center of the HMC1002 chip being considéedédnter rotational point. The
SCAG1T inclinometers are aligned with the center ax¢lseoHMC2003 module for maximally
accurate inclination angles.

For external communications, a DB-9 port is preserit) all communication and power signals
interfaced to the pins.

The set/reset pulse circuit is off of center, with hortest path to the resistive strap considered in
its positioning. At the four corners of the PCB are 0.27&&dor the purpose of creating an

anchor point for securing the circuit board to thepigttform. Software layout and a photograph
of the PCB can be seen below in Figures 3.10 and 3.11, tieshec

21



==

=]
=
=1
=
=

Figure 3.11: Magnetometer/inclinometer circuit board.
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3.4 Test Platform

Repeatable and consistent testing of the magnetonystensis required to analyze the system
performance. To accomplish this goal, a tilt platfdvas been constructed with roll and pitch tilt
capabilities.

3.4.1 Setup
Construction of the tilt platform is accomplished vieamcentric frame design, with the
magnetometer system circuit board mounted in the cpladgorm.

With two axles protruding from the walls of this platformthe Y direction, pitch rotation is
achieved. To allow for roll, these axles are insertedft@®dto move about a rectangular frame of
which two more axes protrude in the X axis direction, &uog toll rotation is achieved.

The magnetometer circuit board is stabilized withinitimer platform via four 0.25” thick
stabilizer blocks with 0.25” wooden dowel rods protruding. Tlaeseels fit tightly into the
designed through holes in the circuit board, and withigediting, lateral motion of the circuit
board relative to the platform itself is eliminatedheTaxles are positioned so that all rotation is
centered exactly at the center of the HMC1002 chip onldbarchagnetometer module.

HMC2003 Modul
odule Pitch axle

(= . =l . I

Roll axle | T———___ Board stabilizers

Figure 3.12: Cross-sectional view of tilt platform. Rdtform axles positioned for center of rotation at HMC10@ sensor.

3.4.2 Construction

Construction of the tilt platform must be void of anggnetic material to minimize interference,
as discussed in Section 2.4. The platform itself isttaoted from 0.5” CDX plywood, 0.25”
mahogany plywood, and 0.375” wooden dowels as axles. Gluetth¢éogthe system is void of
any screws, nails or bolts. The circuit board isefasd in place with four tight rubber straps.

Nylon washers stabilize both the platform and them&drom lateral motion. Protractors are
centered on both axes of rotation to estimate tiltug® only in estimation of tilt, as these
measurements are not accurate.
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Figure 3.13: Top view of magnetometer/inclination systeron tilt platform.

To eliminate magnetic self interference as a redudtextrical current powering the board, wire
motion is eliminated via the RS232 cable tracking througlaxiee of rotation. With 9 wires
connected to the DB-9 connector onboard, the wiresuarérst through the inside of the 0.375”
pitch angle dowel, fastened to the platform, and thertlirough the inside of the roll angle dowel.
Eliminating tilt motion of the system wires, only argvrotation is seen within the axles. Thus
interference in the surrounding magnetic field from auirflow is minimized to only the rotation
of the wire bundle about itself, within a radius afdehan 4 millimeters maximum.

Figure 3.14: System cable routed through pitch and rothxle.
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B {7 |
Figure 3.15: Simultaneous roll and pitch tilt.
To test the response of the magnetometer inclinatitectien system at high frequencies (step
input discussed in Chapter 3.2.4), a repeatable step stinlatiarm is constructed. Conforming
to the tilt platform, the step response platform csissnf a frame stabilizing the tilt platform and a

cable guide extension, at the end of which is a smalhrgidley wheel. Centered in the platform
is a nylon cable guide.

To perform a step response at the acceleration of @& meters/secofid a non-magnetic
weight consisting of a plastic container filled watdind is attached to a nylon line, which is
threaded over the pulley wheel, through the wire guideattadhed to one side of the internal tilt
platform. After locking the outside platform in pla@iminating roll tilt capabilities), the weight
is dropped from a stable position. With wooden stoppetm@dhe motion at £45° of pitch
rotation, a step input is created, and can be analyzdHeviaclinometer system.

Figure 3.16: Step response platform with roll platformlocked.
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Figure 3.17: Pulley/wire guide combination (left) and wie guide without tilt platform (right).

Figure 3.18: Tilt platform after 45° step response.

Through the construction of the tilt platform, a noagnetic setup is available for repeatable,
stable readings of simultaneous roll and pitch tildmegs. When locking the roll platform, the
system is capable of pitch-only readings, which includegptssibility of a repeatable step
response of the system.
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Chapter 4 Signal Filtering

With magnetic field and inclination signals being simudtausly obtained by the magnetometer
system, integrating both signals within an accuratepemsation system requires both signals to
possess a high signal-to-noise ratio. With diffefdtetr specifications and requirements from the
unique qualities of both the magnetic and inclination sighatth must be compatible in noise
attenuation, phase delay, and execution time for theatbweagnetometer system performance to
be optimized.

In this chapter, median filters are designed for the m&d attenuating high-frequency impulse-
like noise in the inclination signal. In addition,ifeimpulse response digital filters are designed
and tested to filter potentially unwanted noise in thgmaéic signals. Various design
specifications of each filter are discussed and predavith simulation and hardware testing.

4.1 Inclination Signal Filtering

As discussed in Section 3.2.4, as a high-frequency inppplg&d to the inclinometers of the
magnetometer system, an inverted impulse responsepstotithis effect is due to the
overdamped MEMS system onboard the sensors, causing a marekpid. This shift is a change
in the point of zero-reference of the sensor due tditjle acceleration impulse, thus skewing the
output of the system. The effect is consistent apdatable with multiple sensors and tests, as is
seen in Figure 4.1 below, which shows a 0.8 second peredutif2-second test. The impulse-
like spike is present in the system response signapproximately 10 milliseconds.
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Multiple 45 Degree Step Response
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Figure 4.1: Six tests of 45° step response.

From several decades of research and development,midigics have become one of the most
versatile and effective filter types for eliminating laars [14-17, 19]. Median filters are rank-
order based non-linear filters that output the medfdheosorted data set, as seen in Equation 4.1.
N represents the number of data points in the ftedow.

v, = Median(Xy, Xy, ..., XN_1) (4.1)

Significant advances in research have led to numerrmietions of the median filter, all of which
alter either the sample space considered, filter taxtiire, execution, or weights. Several of these
filters are explored and considered for implementaitiahis project, for the purpose of smoothing
the inclination signal. To test the individual medidters, a sampling frequency of 500 Hz is
implemented. To effectively filter the impulse agpaicthe high-frequency response of the
inclinometers, a minimum filter length of approximatelytiitfies the number of samples
containing the impulse portion of the high-frequency signbe considered acceptable. At a
sampling frequency of 500 Hz, this is equivalent to'R@8ler median filter. To display the
magnitude and phase delay of the median filters, higher bitdes will be simulated. With
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higher order, more effective median filtering is achteged the phase delay is clearly displayed.
Window width of all median filter windows is denoted by N.

4.1.1 Alpha-Trimmed Median Filter

Alpha-trimmed §-trimmed) filters have been the topic of significaegearch, with primary focus
on alpha-trimmed mean calculation. For the purposki®project, am-trimmed median filter is
simulated and tested to reveal potential for tunablesvutjection [14,15].

Thea-trimmed median filter is simply a median filter desscribed above, with portions of the
input data set removed. The number of data points eliednatthis manner is determined by the
coefficienta, wherea-N samples are removed from each end of the data lsetew is the total
number of points considered in the median window. THtes, @movinga-N newest and oldest
points of the data set, the median of the remainingmatas is output. Median filtering research
has shown that filters considering a wider (larger Na @ahdow, the smoothing and outlier
rejection aspects of filters are emphasized [15,16]. ,Tdrithe window width decreases, the detail
and corners of the input signal are preserwettimming samples from the median window allows
for a similar phase delay as a filter with the Wwihdow width, yet allows for more signal detail
preservation in the output. This tradeoff while reflegsimilar phase delay characteristics is
explored in this section. It can also be noted thaditrimmed phase and detail preservation
characteristics of the filter are undesired by the ukeryalue ofi can be set to zero, and the filter
performs like a true median filter. Thus, wheis maximized, the filter acts as a time-delayed
identity filter.

(4.2)
a=0.25 y = median(xy, Xs, ... X19,X11)
N =16
oaN=4

x _

Figure 4.2: a-trimmed median filter with N = 16 and a = 0.25.

4.1.1.1 Simulation

To simulate the operation of thetrimmed median filter, several variations are tesfedo
degrees of freedom are exercised in this experimentdimg) the width of the median window
(N) and magnitude of the filter coefficient. The MATLAB code, found in Appendix B,
calculates the median of thetrimmed window as described abowetrimmed median filters will
be denoted by ‘ATM(Ng)’, where N is the filter window width.
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To begin, filters of different window lengths N arens@ered, all with the trim value remaining
constant at. = 0.10.

Alpha-Trimmed Median-Filtered Inclination Step Response - Varying Window Width

Unfiltered Signal
ATM(10, 0.10) |
ATM(25, 0.10)
ATM(50, 0.10) |-
ATM(75, 0.10)
ATM(100, 0.10) |-

Inclination Output (degrees)

Figure 4.3: Alpha-trimmed median filter output with vary ing window width.

From Figure 4.3, it is clear that therimmed median filter is effective at removing outier
including the impulse-like signal that is present in tlinometer step response. As the width of
the median window is increased, the sharper artifadtseodignal are removed, as the number of
data points considered for the median output is alseased. It is also shown that as window
width increases, an increase in phase delay is cke@ae to the non-linearity of the median filter,
the exact phase delay is dependent only on the chasticgedf the input signal contained within
the median window, including frequency, corners, andabthange. However with an ideal step
response, the phase delay of a standard median fittquigalent to half of the number of samples
in the data window, dN/2 samples.

To explore the effect of the trimmed window width, a pemwindow of a fixed number of
samples (N = 50) is considered, and the valueisfvaried, altering the detail preservation
characteristics of the filter.
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Alpha-Trimmed Median-Filtered Inclination Step Response - Varying Alpha Value

Unfiltered Signal
ATM(50, 0.10) |-
ATM(50, 0.15)
ATM(50, 0.25) | |
ATM(50, 0.35)
ATM(50, 0.45)

Inclination Output (degrees)

| |
0 300 350 400
Figure 4.4: Alpha-trimmed median filter output with vary ing alpha and window width N = 50.

Figure 4.4 shows that the value of alpha for trimmingnteelian window width has minimal effect
on the smoothing of lower frequency aspects of the ingaaki At the high-frequency impulse-
like portion of the input signal, however, the alph&ugaalters the smoothing performance of the
filter. Figure 4.5 below shows the filter outputs irstfegion of the signal.
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Alpha-Trimmed Median-Filtered Inclination Step Response - Varying Alpha Value

Unfiltered Signal
ATM(50, 0.10) |- -
ATM(50, 0.15)
ATM(50, 0.25) |- -
ATM(50, 0.35)
ATM(50, 0.45) |~

Inclination Output (degrees)

Figure 4.5: Zoomed view of Figure 4.4.

From Figure 4.5 it is clear that as the value of alpbeeases, the filter approaches performing as
an identity filter. This is seen in the samples igiFe 4.5 where alpha = 0.35 and alpha = 0.45, as
the impulse aspect of the signal begins to reappeaalpha value of the filter is decreased, the
filter approaches the behavior of a true median fittensidering the entire input window as the
trimmed data set. Nearly identical phase delay isepted, however, with varying valuescoof

4.1.1.2 Implementation

Testing of thex-trimmed median filter in system hardware is mostcedfitly implemented via
functions contained in the dsPIC DSP library. FromMinerochip DSP library code, the function
VectorCopy copies an array into another array with minimal @ogtstruction cycles and
VectorMax calculates the maximum value of an array. This microcbge can be viewed and
downloaded from Microchip Technologies [45]. To find the medif an array, these two built-

in functions are implemented to create the functigector_Median , which sequentially
transfers the maximum array value into another vecttiis vector is automatically sorted and
returns the median. This function is called aftaawiing every new sample from the inclinometer
sensors. To incorporate the alpha-trimming aspedtsedilter, the trimmed samples are excluded
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from a vector buffer that is passed intdector_Median , eliminating them from the median
sorting and calculation. Shifting of the samples iretimthin the filter window is achieved using
functionVectorCopy [45] which copies the window vector into itself with seessample offset.

A filtered step response, as well as filtered low-fregyesignals, all from the magnetometer
system and dsPIC programming, can be seen in Figures 4ughh® below. The filter window
has width N = 75 and = 0.20 in all cases (ATM(75,0.20)).

From the figures, it is evident that the non-linedrimmed filters are effective at attenuating
impulsive outliers, as well as removing small noise pedtiohs in low frequency signals. The
phase delay is consistent through all frequencies obmadind the transients from high
acceleration conditions seen in Figure 4.8 are attethaaie smoothed.

Alpha-Trimmed Median-Filtered Inclination Step Response

Unfiltered Signal |
Filtered Signal

Inclination Output (degrees)

i
00 350 400

Figure 4.6: Filtered step response output from magnetonter/inclinometer system with ATM(75, 0.20) sampled at@ Hz.
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Low Frequency Alpha-Trimmed Median-Filtered Inclination Signal
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Figure 4.7: Filtered motion output from magnetometer/indinometer system with ATM(75, 0.20) sampled at 500 Hz.

Figure 4.8: Filtered motion output with abrupt deceleraion from magnetometer/inclinometer system with ATM(75,0.20)
sampled at 500 Hz.
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4.1.2 Lower-Upper-Middle Median Filter

Lower-upper-middle (LUM) median filters, developed by Haraind Broncelet, have proven
versatile in their ability to be tuned to the spectima of sighal smoothing or sharpening, as
necessary [21].

LUM filters are based on the theory that as the $esngdoser to the center of the median window
become more heavily weighted compared to the ends efitftow, the filter acts as a smoother
[21]. Data points considered further towards the endseodlata result in a sharpening filter,
preserving the edges of the input signal [21]. A LUM fittensiders several different samples
from the data set, including two or more samples spreadyefvem the center of the data set, and
the center sample itself. The spread of the two datasgioom the end of the data set is
represented by the variabler k, depending on the type of LUM filter.

4.1.2.1 LUM Sharpener

LUM sharpeners consider three data points; the ceoiat and two data points offset from the
ends of the data set by a spread faktdrhe output of the filter is based on where theaye of
the two outside points are in relation to these twatgand the center point,[21].

ICTRTay
t, = —2
X, < x"<t
Yn = \XN-1-1) 6 < x" < Xy_j (4.3)
x*, otherwise
N =1¢
xO xl P x* e x14

Figure 4.9: LUM sharpener with N= 15 and = 0.

Simulation and implementation of the LUM sharpenerrat required for the purpose of this
project, due to the necessity of removing the sharp paots the inclination signal. However,
inclusion of the sharpening aspects of the filter are paated in the LUM hybrid, which
incorporates smoothing of the inclination signal while n@mng signal corners. This hybrid is
examined in Section 4.1.2.3.
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4.1.2.2 LUM Smoother

LUM smoother filters consider two data points at avinalistance from the center of the data set,
as well as the center point of the data set. Outptliie filter is the median of these three points.
The smoothing characteristic of the filter is a rest@ithe data points considered in the median
calculation to be the end points of a pseudo window $hgiriead about the center of the data set
[21]

= Median(XN—1 , X5, XN-1 )
In 7k —7 tk (4.4)

N =1t
x*

Figure 4.10: LUM smoother with N=15 andk = 1.

Simulation of the LUM smoother can be seen belowigure 4.11 with varying values for median
data point spreakl All LUM smoothing filters are denoted by ‘LUMS(I)'. In this simulation,
all data windows are 75 samples wide.

Lower-Upper-Middle Smoothing Filter Inclination Step Response - Varying Spread k
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Figure 4.11: LUM median filter with varying spread valuesof k.
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From the figure, the results show that as the spreaéakas (lowek value), the smoothing effect

of the filter diminishes as the filter tends towaid@y turning into an N/2 phase-delayed identity
filter. As the spread of the median points increabessmoothing effect of the filter takes over,

and the impulsive portion of the input signal is atterdiatBhe effect is not linear, however, in

that as the spread increases further, the filter begiact like a sharpener, as the points considered
in the output are spread further to the ends of the dataAszoomed view of Figure 4.11 is seen
below in Figure 4.12.

Lower-Upper-Middle Smoothing Filter Inclination Step Response - Varying Spread k

Unfiltered Signal
LUMS(75, 2)
LUMS(75, 5)
LUMS(75, 10)

Inclination Output (degrees)

Figure 4.12: Zoomed view of Figure 4.11.

By examining the output of the filter, it is clear thiae LUM smoother is capable of significant
attenuation of the impulsive portion of the input sigridbwever, significant high-frequency
artifacts remain through the implementation of thigfjldue to the small number of points
considered, as well as the spread of those points #imaenter of the data set.
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4.1.2.3 LUM Hybrid

The LUM hybrid filter incorporates the aspects of smog@tlaind sharpening from both of the
previously discussed filters [21]. By changing the ratithe spread, more emphasis on either
smoothing or corner preservation will be made. Withamag of the input signal of highest
priority, corner preservation is explored as a tradeofbutput signal filtering.

The LUM hybrid filter considers two medians,andx,,, each calculated using three data points.
Two of these points are on one side of the medianthendther is the center point itself. The
spread of these points is determinedkiandl [21]. The output of the filter is whichever point,

or x,, is closer to the middle data poxit

Xiow = median(xl,x*,xN_l_k)
2

Xyp = median(xy_;—1, X", XN-1 )
2
(4.5)

X Xt < (xlow + xup)

Vn = low » - 2
Xup » otherwise
N=1°F
Xo X1 ... x* e X1g

Figure 4.13: LUM hybrid filter structure.

To test the smoothing and sharpening aspects of the hylbeid fwo experiments are performed.
First, emphasis on the sharpening aspects of the hybridditteexplored with the value bfixed
and in a position towards the outer edge of the datd seb), and the value dfis varied. The
data window for all experiments is set at 75 sampleadith. All LUM hybrid filters are denoted
by ‘LUMH(N, k, I)’. The results are seen in Figures 4.14 and 4.15 below.
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Figure 4.14: LUM hybrid filter with fixed | =5 and varyingk.

Lower-Upper-Middle Hybrid Filter Inclination Step Response - Varying Spread k
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Figure 4.15: Zoomed view of Figure 4.14.
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From the figures, it is clear that even as k is aelovalues, the sharpening aspect of the filter is
prevalent. As the smoothing aspect of the fikers increased, the samples considered in the
median of the filter are moved further from the cenfehe sample data, and the sharpening
performance is increased.

In the second test the valuekof 5 is fixed and the value bfs altered (denoted by ‘L’ in figures).
Results are shown below in Figures 4.16 and 4.17.

Lower-Upper-Middle Hybrid Filter of Inclination Step Response Varying L
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Figure 4.16: LUM filter with k = 5 with varying I.
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Lower-Upper-Middle Hybrid Filter of Inclination Step Response Varying L
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Figure 4.17: Zoomed view of Figure 4.16.

From the figures, the smoothing aspect of the filteraseneffective at higher values lpfdue to

the points considered in the median being closer todhiecof the data set, thus more closely
mimicking a smoothing filter. This hybrid filter has the achzsge of maintaining a sharp corner of
the step response while still attenuating the high-frequengylse aspects of the input. However,
in this test, this characteristic of the filter is yea to be negligible, as the general transition from
increasing to stable signal is approximately consisteatigh all tests.

4.1.2.4 Implementation

For the purpose of this project, only the LUM smoothg@regrammed and tested in hardware, as
the smoothing aspect of the filter aspect is the desagubnse for the inclination signal. Further
investigation and tuning of the LUM hybrid could prove usefuhaintaining the corner portions
of the inclination signal, though not investigated here.

Again using the functioWectorCopy [45] to shift the inclination signal in time, the madiof
the three samples necessary for the LUM smootlegpassed toVector Median  and the
value returned is the output of the filter. Delayhed samples in time is completed when all
filtering has taken place. Results calculated and ofrtmur the microcontroller can be seen in
Figures 4.18 through 4.20 below.
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Lower-Upper-Midddle Smoother Filter of Inclination Step Response
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Figure 4.18: Filtered step response output from magnetoater/inclinometer system with LUMS(75, 5) sampled at 50dz.
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Figure 4.19: Filtered low frequency output from magnetoreter/inclinometer system with LUMS(75, 5) sampled at 50d0z.
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Low Frequency Lower-Upper-Middle Smoother Filter of Inclination Signal
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Figure 4.20: Filtered low frequency output with acceletion transients from magnetometer/inclinometer systenwith
LUMS(75, 5) sampled at 500 Hz.

From the results, it is shown that for the same lwidlter window as thei-trimmed median filter,

the LUM smoother is significantly less effective #ttauating the high-frequency noise associated
with the inclination signal. Observation of the stepponse of the filter shows that the impulsive
portion of the signal is attenuated, yet significansaas still present, as was seen in the
simulation of the filter.

4.1.3 FIR-Based Median Hybrid Filter

Finite impulse response median hybrid (FMH) filters hiawen developed, tested and analyzed in
detail, including speed improvements and statistical pr@seitty Heinonen and Neuvo [18-20].
FMH filters have shown significant advantages in impaad outlier rejection, while still
maintaining crucial corner aspects of signals, and thus heen implemented in image processing
for contrast improvement [18-20].

FMH filters operate by separating a data set into skgidferent windows of equal or varying
length, of which the mean of all contained points aleudated. The output of the filter is then
calculated as the median of these several calculatad ralues in addition to a substitute center
point of the data set, denotedyy The length of the mean-calculating sections cayn var
However, for this project, all sections will remaihegjual length with the outside, or newest and
oldest sections (relative to time) being rounded up. Tbus filter window N samples long, each
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mean-calculating section contains N/4 samples. Ataws in possess widths of 4N+1 samples,
resulting in similarly-sized FIR sections.

The FMH filters’ advantages come from dsPIC microral@r’s ability to quickly and efficiently
carry out FIR filter operations. With FIR coeffictsrequal to a value (21]{ whereg is the number

of data points in each section, the FIR structurequickly and efficiently calculate the section
mean of a data set. As an alternative to this proeassining sum of each FIR section can be
calculated and updated with the incoming and outgoing sar@aatinuing, by varying the value
of the substitute center data poirt, to either the expected mean, maximum or minimum data
value, emphasis can be placed on outlier rejectiompshing corners, or outlier attenuation. For
the purpose of this project, the valuexpiwill be set as the mean (nominal value) of the exmkct
inclination. This value being zero results in smoothindhefibput signal. The formulas below
show a FMH filter with five sections, including the cemtlata point.

1
YO = E(XO + Xl + ...+ Xg—l)

1
Yl = E(Xg + Xg+1 + ...+ ng—l)

YZ = x* = O
Y3 = E(XN—2g+1 + XN-2g42 T - F Xn-g) (4.6)
Y4_ = E(XN_Q_H[ + Xg+1 + ...+ XN)
y = medlan( Yo, Yl' Yz, Y3, Y4_)
Xo X ... N=17g=4 e X1g
| R R A R A 4 | A
0 T ([ N I (O U ) ) O T I (P S 0 S ) o RSN [ [ N I [ NN 0 N O O I (P e S e
g 2 g g g 2 ] g g g 2 g g g g g

y
Figure 4.21: Finite impulse response median hybrid fitkr with N = 17 andg = 4.
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4.1.3.1 Simulation

Simulation of the FIR median filter will contain 4REsections and the center point, as pictured
above. Larger number of sections allows for improvattiey rejection and flexibility in
specification tuning. The width of the filter window Nvigried in the simulation results seen in
Figure 4.22 below, with the filters denoted by ‘FMH(N)'.

FIR Median Hybrid Filter of Inclination Step Response with Varying Window Width N

Original signal

m
Q
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[@)]
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o
= FMH(41) ]
>
E FMH(57)
o FMH(73) ]
IS FMH(89)
b :
= s o
© | |
= ‘ ‘
1 } } 1 }
0 50 100 150 200 250 300 350 400

Figure 4.22: FMH-filtered inclination signal with varyin g filter window width N.

From the results, the FMH filter outperforms the LUiNers discussed in Section 4.1.2 in terms of
both signal smoothing and impulse rejection. From ofagien, the ability to smooth the artifacts
of the signal, such as the irregular “bump” that imratdy follows the initiation of the step
response outperforms both ta¢rimmed median filter, as well as the LUM filter$his is due to

the sections of the FMH filter acting as moving averadgerd, and thus slower frequency noise is
attenuated with a higher order filter. However, @also clear that impulsive noise is still evident

in the filtered signal. The phase delay of the FMteffifollows the same pattern as for the other
nonlinear median filters discussed in Chapter 3, speltyfiaa the filter window becomes larger

the phase delay of high-frequency signals also becarger] with an ideal step response creating
a phase delay of exactly N/2 samples.

A closer view of the filtered outputs is seen beloWigure 4.23.
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FIR Median Hybrid Filter of Inclination Step Response with Varying Window Width N
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Figure 4.23: Zoomed view of Figure 4.22.

4.1.3.2 I mplementation
Performing the FMH median hybrid filter in hardware cambeomplished quickly and efficiently
using the DSP core of the dsPIC microcontroller.

Implementation of the DSP library FIR functions itadfthe median of each FIR window can be
executed. The function implements FIR filters usirg@D$SP core of the dsPIC processor's MAC
command to multiply and prefetch the next instructiorlecyéor the purpose of the FMH filter,

the coefficients of the FIR sections (pre-calculaad stored) are inserted into a coefficient vector

asg whereg is the number of samples in each FIR section. Thhen the built-in DSP function

DotProduct  [45] is implemented on the signal vector and coefficiettor, the mean of the
samples in each section is output. The four mean valloeg with the center substitute point are
input into the_Vector_Median function, and the median is the filter output. Tludeis

shown in Appendix C.

Hardware calculation and output of filtered signaldwaittotal filter width of N = 73 sampleg €
18 samples per section for four sections) can be sdew In Figures 4.24 through 4.26. A step
response, as well as two lower-frequency sample signalgsresented. The number of
instructions from call to return of the FMH filter 1s519 instructions for a median window width
of N = 73 samples.
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FMH-Filtered Inclination Step Response
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Figure 4.24: Filtered inclination step response with FN#(73) sampled at 500 Hz.
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Low Frequency FMH-Filtered Inclination Signal
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Figure 4.25: Filtered low frequency inclination signal vith FMH(73) sampled at 500 Hz.
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Figure 4.26: Filtered noisy low frequency inclination gnal with FMH(73) at 500 Hz.
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Hardware implementation reflects results seen iukition, in that high frequency impulse
attenuation is achieved, although remnants of the outéenain as low frequency perturbations in
the output signal. This is especially evident in Figu@6 where noise in a low frequency signal
IS output as smooth perturbations.

4.1.4 Results and Comparison

To compare the hardware-implemented output of the méittiens in a side-by side manner,
specifications for all of the filters are similarlgtsThus, filter window width N is fixed. This
allows for comparable phase delay in the output signakadhe filter tests. For the comparison, a
window width of N= 49 is implemented. This number alldarsdefinite window center data

point identification, and also allows for even numbksubsections in the FMH median filter
(FMH(49)). The spread of the two data points of the Lstbother is set &= 5 samples
(LUMS(49,5)), and the trimming value of therimmed median filter is set at= 0.10 (ATM(49,
0.10)). Three tests are run with the same step ingite@gns, and the output of each filter is
plotted in Figure 4.27 below.

Step Response Filter Comparison of Alpha-Trimmed, LUM, and FMH Median Filters
60

40 o 7t <A Aeah
20 A - _ -l

Unfiltered Signal
ATM(49, 0.10) Filter Output [
LUMS(49, 5) Filter Output
FMH(49) Filter Output

Y | e —

-20

Inclination Output (degrees)
o

-60
0

Figure 4.27: Comparison of ATM(49, 0.10), LUMS(49, 5), and FME#9) median filters on inclination step response.

From the results, thetrimmed median filter is the most effective method$moothing the
inclination signal, attenuating the impulse outliersivalf as maintaining the corner aspect of the
step response. This filter is also the simplest fement on the microcontroller due to the same
median function being required for execution as the dilbers. However, with the-trimmed
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median filter, preprocessing and preparation of the fbel input signal is not required, thus
saving executed instruction cycles. Thereforepgtb@nmed median filter is the filter of choice
for this project. The tuning of the window width of fiieer is dependent on the design of the
magnetic signal filtering, which is discussed in Sec#ic¢h

With all of the median filters tested in this chagiemg non-linear rank-order filters, phase delay
of the filters is also non-linear. However, by natunedian filter delay can be estimated as N/2
samples of delay for a perfect step response, whese¢he number of samples in the median filter
data set.

4.2 Magnetic Signal Filtering

The -3dB bandwidth of the magnetic sensor module is appabeiynlkHz, thus the magnetic
sensor is capable of detecting noise at frequencies higdrethose of the low frequency fields of
interest. The voltage signal output by the AMR magrsstitsors is susceptible to noise from
stray magnetic sources, motion, or EMI interfereniceaddition, ADC noise is produced as
sampling frequency increases, reducing the number of n@edsifis. A magnetic signal from the
vertical (Z) magnetic axis of a reading taken frondiesof a building is seen in Figure 4.27 below,
and high frequency noise is shown. This noise is likeljn ADC quantization, concluded from
the consistent and repeated levels of the data pafitie signal.

Earth Magnetic Field Reading of Vertical Axis
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Figure 4.28: Sample magnetic field reading displaying higfrequency noise.
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The amplitude of the noise present in the signal mal (less than 3 milliGauss) relative to the
earth field magnitude. However, filtering of the sigingbroves the signal to noise ratio of the
system and the accuracy of the tilt-stabilized readihgs&ddition, for subsequent user-specific
utilization of the tilt-stabilized results of the magometer system, filtering of the magnetic signal
may be required. The presence of the FIR filter, @bag simple tuning of the filter allow for
attenuation of stray noise or magnetic sources aigbes bandwidth of interest.

Filtering of the output signals of the magnetometétk a FIR filter incurs a phase delay that
closely matches the delay caused by the median fittgriemented on the inclinometer signal.
With a similar delay designed for both the inclinatignal as well as the magnetometer signal,
tilt-compensation resulting from both signals willinere accurate. With similar delay, the output
of the system is more reliable and accurate at higis &tacceleration, where phase delay is more
prevalent.

4.2.1 Digital Filters

Since the incorporation of DSP cores within micropromesssligital filters have been widely used
for filtering and digital signal processing. Derivedniréhe microcontroller’s ability to execute the
MAC (multiply and add to accumulator), MPY (multiplycastore in accumulator) and MSC
(multiply and subtract from accumulator), the dibftiéer executes instructions that process these
signals at high rates of speed. The DSP instructiodesifes its efficiency from multiplying two
numbers that are stored in different banks of memabpoard the chip, and adding or subtracting
them from a large (number of bits) accumulator. &tshme time, the instruction prefetches, or
preloads the variables multiplied in the next instrugtioto memory for the same operation. This
process takes significantly less time to execute tlaitimnal sequential multiply and add (or
subtract) instructions.

Significant work in the field of digital filtering haseen accomplished in the last thirty years, and
large amounts of documentation on various design estimairocesses, characteristics, and
performance metrics are readily available.

4.2.1.1 Infinite Impulse Response (1 R) Filters

Infinite impulse response (IIR) filters are filterathncorporate feedback in their operation. [IR
filters can have several different structures, inglgdianonic, direct form, lattice or transposed,
depending on the specifications of the filter and theadigaing processed [13].

Despite the structure of the filter, typical IIRdits execute a simple difference equation, as seen
below in Equation 4.7.

M

N
z ai Yn-i = z b; Xn—j (4.7)

i=0 j=0
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Advantages of IR filters include steep drop-off while ntaiming low filter order, as well as
smaller hardware memory requirements. IR filtemsyéver, possess the possibility (if poorly
implemented) to be unstable. Depending on the desigHiltBRs have different phase delay
characteristics. For the purpose of this project, iltBr§ will not be implemented, instead using
FIR filters, discussed in the next chapter.

4.2.1.2 Finite Impulse Response (FIR) Filters

Finite impulse response filters are digital filteratttypically (most are non-recursive) incorporate
no feedback in their calculation. A simple summafiormula calculates the output of the filter, as
seen below in Equation 4.9.

N
Yn = Z bi Xn—i (48)
i=0

Advantages of the FIR filter are unconditional stéilas well as generalized linear phase delay,
depending on design. Disadvantages of the FIR filtéudeclarger memory requirements when
compared to IIR filters, as well as larger phase délath due to the higher order of the filter.

For this project, however, the high order of the Flferfiland thus larger delay) will be exploited
to approximately match the phase delay caused by the ldgh @irthe median filters previously
discussed. With simulation and testing, a generalinediiphase delay similar to the nonlinear
phase delay of the median filters will be achieved, tkdsicing error.

Estimation of the order of a FIR filter to obtain cheteristics of stopband ripple and transition
bandwidth has been approximated by Kaiser with the foligiormula:

—201log(8s) — 7.95

14.36 (%)

i = (4.9)

Whered; is the stopband ripple, ang, andw,, are the stopband and passband cutoff frequencies,
respectively. As an example for simulation, a degu@skband fractional frequency of 0.25 and
stopband frequency of 0.29 with -40 dB of stopband ripple wougldirea filter of 58' order.

P —20log(0.0D = 7.95 . 4.10)
1436« (2 0.25— 2r+ 029) -

2T
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The order estimation changes with the windowing techreauaedesign method, but this method is
a reliable first-cut estimation of the required filoeder.

4.2.2 FIR Filter Design and Simulation

To filter the high-frequency noise from the magnetomsitgmal, a lowpass filter design is
implemented. Design of a generalized linear phase YGLRfilter begins with the desired
frequency response, in order to obtain the impulse respon coefficients of the filter. The
frequency response of a lowpass filter design is seBguation 4.11 below.

D¢
. 1 .
Hpn(em)= — f el®" dw (4.11)
’ 2 )
—Be
This equation simplifies to
dLP,n T @.n - c (4.12)

In order to center the frequency response within the filtedow, the response is shifted gg—l

samples, wherhl is the order of the filter, an odd number. This nunb&ept odd to allow for a
center point of the filter window.

To incorporate different filter characteristics and abtae impulse response of the filter, this
function can be weighted by different window designer tRe purpose of this project, the
windows that are considered for weighting are the ngetiar, Blackman, and Kaiser window
(with B shaping factor = 5.0). All of these windows with @tkiof 51 samples can be seen in
Figure 4.29. All code used to design and simulate FIRdiltethis chapter can be found in
Appendix B.
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GLP FIR Window Comparison
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Figure 4.29: Plot comparison of FIR weighted windows l 51st order window.

The rectangular window maintains the frequency responsesasalculated. The Blackman
window places emphasis on the center lobe of the winddnere the Kaiser window places more
emphasis on the outer edges of the window, in comparigéeighting the frequency response by
each window, the filter impulse response and coeffisiare obtained. The three plots in Figure
4.29 to 4.31 below display the impulse responses of the thiferent filter designs. The
responses displayed were designed to have a cutoff fiatfrequency, or percent of the
sampling frequency of 0.25. For example, a signal sampea0® Hz would be cut off at the -3
dB frequency of 250 Hz.
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Figure 4.30: Impulse response of FIR filter designs.
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Figure 4.31: Zoomed view of impulse response of FIRt&r designs.
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From the impulse response functions, it is shownttl@Blackman and Kaiser windows place less
weight on the outer edges of the filter window, whéaeerectangular window, or the original
desired frequency response has equal weight on all parte efindow. Implementing a Fourier
transform on these impulse responses calculatesatpgeincy response of the filters.

Frequency Response of Rectangular Window-Based FIR Filter
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Figure 4.32: Frequency response of 51st-order rectangular madow-based GLP FIR filter.

Frequency Response of Blackman Window-Based FIR Filter
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Frequency Response of Kaiser Window-Based FIR Filter
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Figure 4.34: Frequency response of 51st-order Kaiser wintv-based GLP FIR filter.

From the frequency responses above, it is shown tkardeg for a 0.25 fractional cutoff
frequency has yielded a lower cutoff frequency. Dependn the filters tested, the frequency
varies at approximately 0.24. Tuning of this frequency isnale process that can be incorporated
in the design process. It can be noted that with higraer, the transition band of the filter
becomes narrower, and the thus the drop-off at the dutgffiency becomes steeper. This is
shown in Figure 4.35, which is of the same Kaiser design Bigure 4.34, but now of 13brder.
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Figure 4.35: Frequency response of 151st-order Kaiser windebased GLP FIR filter.
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4.2.3 Hardware Implementation

To implement the FIR digital filters simulated in 8en 4.2.2 above, the coefficients of the filters
are converted to fractional format. Using 16 bits, tHi$ Tormat represents the full scale value of
-1.000 to +0.999695 (0x8000 to Ox7FFF, respectively). The task of §iltggrang is

accomplished implementing a built-in DSP function frivicrochip that converts floating point
numbers to fractional numbers calleldat2Fract [45] . Upon this conversion, the 64-bit
MATLAB coefficients are quantized to the microconteo¥ 16 bit format.

To implement the filter, a FIR filter function comad in the DSP library [45] implements the
MAC command along with a DO loop to quickly and efficiergéjiculate the output of the filter
based on Equation 4.8.

To implement the MAC command (as well as MPY and M&GR filter implementations), the
coefficients of the filter must be stored in a bankneimory called the X-data memory, which
represents half of the 4 kbytes of data memory onboarnahitrecontroller. The filter states must
be allocated to Y-data memory, which occupies the dtakiof data memory. This allocation
allows the DSP commands to access both pieceseafdidtta simultaneously, increasing efficiency
and speed of operation.

To test the operation of the FIR filter code, the Btaan filter designed above, and seen in
Figures 4.29, 4.30, 4.31 and 4.33 is tested. After storing tHictm@s, allocating memory space
for delays, and initializing the system by setting all geko 0 (0x0000), a simple impulse
function is input into the filter. This impulse functi@represented by a value of “one” followed
by 255 values of “zero” (Ox7FFF, 0x0000, 0x0000, 0x0000,...). The outphbediter is then
saved and tested once again in MATLAB by calculatingréguency response of the impulse
function, or transfer function of the system [13].eThter transfer function is now the hardware
implemented, quantized and real-time output of the FHI& fi

Comparison of the simulated and hardware implementafitime 5% order Blackman filter is
seen below in Figure 4.36.
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Frequency Response of Blackman Window-Based FIR Filter Simulation vs. Hardware Implementation
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Figure 4.36: Simulated and dsPIC hardware implemented frguency responses of 51st-order Blackman window-based GL
FIR filter.
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The hardware implemented filter response falls with@®2.dB of the simulated filter, as seen
below in Figure 4.37, a zoomed view of a portion of the ntadaioutput in the passband of the
filter. The filter response begins to degrade from tmeikated filter in magnitude and phase in the
stopband, due to the quantization of the filter compa@nthe 16-bit format of the dsPIC
microcontroller.

Cutoff frequency is slightly lower ( approximately 0.24)rtleesigned (See Figure 4.37 below), as
a result of the window design of the filter. Thisiso reflected in the simulations seen above.
Tuning of the final cutoff frequency can be achieved by tuningubeff of Equation 4.11 in the
early design steps.

In this passband, however, all performance charactsrigte as designed. The phase is linear and

the cutoff frequency, stopband frequency, as well as padsipple are consistent with design
parameters.
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Frequency Response of Blackman Window-Based FIR Filter Simulation vs. Hardware Implementation
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Figure 4.37: Zoomed view of passband portion of Blackman wilow-based GLP FIR filter.

Testing the filter on the same magnetic signal sedfgure 4.28, noise attenuation is achieved, as
is seen in Figure 4.38 below.
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Figure 4.38: Filtered reading of Earth’s magnetic fieldm the vertical axis of detection. Filtered with 51stmler Blackman
GLP FIR filter.
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From Figure 4.38 the attenuation of the signal noiseas &rther apparent, although a lower
cutoff frequency would reduce the noise remaining irotitput signal. Adjustment of this cutoff
frequency and the filter order will alter the outputlu filter to produce more noise attenuation.
Adjustment of these filter specifications is discussethér in Chapter 7.

To display the phase delay of the filter, a sample ®lagfield step response from the tilt
platform is performed, and the filter is implementedlmsignal in hardware. The test is run at
500 Hz, similar to all other tests thus far.
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The phase delay of the FIR filter is approximately lingarseen in Figure 4.36), as expected, and

Magnetic Field Reading Step Response with FIR-Filtered Output

Unfiltered Signal
Filtered Signal

Figure 4.39: Step response of magnetometer and FIR-filted output.

with the step input, the generalized linear phase delaymparable to that of the non-linear
median filters discussed in Section 4.1. Upon the-frigduency stimulation, the phase delay is
approximated by N/2 samples, as expected from the frequespyn®e and center-weighted FIR
filter architecture. It is also of note that thes®ofiltered in Figure 4.38 is of such small amplitude
that it is not easily visible in the step response sigHawever, with the phase delay associated
with the filter design, the inclination and magnetgnals can be similarly delayed, thereby
reducing phase noise between the linear and non-linelgehed signals.
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Chapter 5Trigonometry and CORDIC

Tilt-compensation of the magnetometer system outputnesjthe sine and cosine transformation
of inclinometer output angles. In this chapter, twahods for this calculation are tested.
Traditional calculation of the sine and cosine of tihigla is implemented in hardware and tested
for operational speed. As an alternative, the COR&MGrithm is simulated and tested in
hardware for possible advantages in operational speeaaakividth.

5.1 CORDIC

The Coordinate Rotation Digital Computer, or CORDIC, dexeloped and published in 1959 by
Jack E. Volder. The computing technique was designed togdéenmanted on real-time
navigational systems where trigonometric computing aeatiips were to be calculated quickly
and efficiently [25]. Since its inception, CORDIC hash adapted to calculate Discrete Fourier
Transforms, exponential, logarithm, forward and invemsaitar and hyperbolic functions, ratios
and square roots [1, 25, 28-30, 44].

5.1.1 Background

The CORDIC algorithm is a simple iterative processhiffsand adds whose result converges
linearly by one more bit of accuracy for every additloteation performed. Hence, integer
mathematics can be incorporated in the functions lesbede, rather than converting to floating
point representation onboard a microcontroller. Ittnyesnoted that implementation of floating
point arithmetic is an accurate method for the cal@mratf any of the above mentioned functions.
However, floating point calculations are notoriousreguiring an excessive number of instruction
cycles per calculation compared to integer math, andetkesution time and processor data
throughput speeds are significantly reduced. As anottenative, lookup tables for the
trigonometric values of a given angle are a fastradtigre to real-time calculation of the results.
Lookup tables, however, require large amounts of valuableawsdbmemory.

For the purpose of this project, the CORDIC algorithm glewvia balance of execution time versus
memory savings. The algorithm is advantageous for impltatien onboard the dsPIC, since
calculation efficiency with minimal memory requirerhénideal. With faster execution time of
onboard calculation, bandwidth can be increased witgfeehisample rate. If bandwidth required
is low, the additional instruction cycles available betweamples can be used for subsequent
tasks.

5.1.2 Algorithm
For the purpose of calculating the sine and cosina ahgle for the onboard inclination algorithm
discussed in Chapter 6, vector rotation using CORDIC iexqbl
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Calculation of the sine and cosine of an aflean be represented by the coordinates (x and y) of
the unit vector at that angle, seen in Figure 5.1.

v

[x ¥

X
Figure 5.1: Vector [x y] at angle® on the unit circle.

Vector rotation occurs by transforming the vector using obation matrix:

[ cos© sin©
—sin® cos©O (5.1)

Thus, rotation through a change in angleccurs via the following transformation:

cos© sin©
—sin© cosO (5.2)

[ y1=[x ¥|
Where[x’' y] is the vector resulting from the transformation thgle angled [1, 25, 28-30].
The transformation is accomplished via a serigw térations, such that:
m
o= Z o,
i=0 (5.3)

The iterative process of the transformation is o#éld as the product of the iterations, and by
utilizing the definition of tangent:

ﬂcosem] [x Y]U[_taiem tanlem (5.4)

m

!

[x" y']=

The key to the effectiveness and efficiency of the CGR&Igorithm is based on restricting the
angle of thean ©,, term to a power of two, or a simple right bit shift is&£ integer math:
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tanOn = to5 (5.5)

Thus:

[x" y']= U_[ cos (tan™! Z‘m)l E2RY 1_[ [121_m izl—m]

m

1 ] -m (5.6)
:“:[m ¥ y]U[nl—m i21 ]
r 1 (5.7)
“;_\/ﬁl:Gain

The term represented in Equation 5.7 is simply a gatrctlenges based on the number of
iterations, or bits, used in the calculation.

Execution of the algorithm requires adding or subtractiegaingle ofan=1(27™), which is stored
in a 16-word lookup table, to the desired angle which thautzdlon is being performed. The goal
of this addition or subtraction is to bring the sumhaf two angles closer to zero. Addition is
performed on the next iteration of the algorithm if gusn is less than a value of zero, and
subtraction is performed otherwise. Efficiency is aobikfrom the shift and add instructions
implemented in this process which require only one instmuctycle each. Aftem iterations, the
sine and cosine values of the desired angle are thelyaomponents of the vectdx' y],
respectively [1, 25, 28-30].

For maximum accuracy of the calculations, the numbéeitions is typically chosen based on
the number of bits used to represent data in the proce&fier.m (m = number of microcontroller
bits) shifts and adds, all bits of the data have beerhlfied out from the CORDIC calculation,
and no further accuracy is possible.

5.1.3 Simulation

To simulate the CORDIC algorithm, MATLAB code is writteo implement the algorithm
execution, including the adding and subtracting of thehiffitesi values of x and y. This code can
be found in Appendix B. Plotting the converging sine aniheoglue of any angle versus the
true (MATLAB’s 64-bit) calculation of the same angleisiclear that the CORDIC algorithm
quickly and efficiently performs the calculation. Sdencode executions are shown in Figures
5.2, 5.3, and 5.4 for the calculation of arbitrary ang@% -48.6°, and 84.65°, respectively.

Simulation is implemented with 15 bits, due to the on-amiplémentation being executed on 1.15
fractional format values. The CORDIC gain at 15 bis=(15) is calculated in code to be
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0.607252935385914, which is accurate to ten decimal places comparedts #ngain of
0.6072529350088813.

Conwvergence to Sine and Cosine Calculation
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Figure 5.2: Converging CORDIC sine and cosine values fangle 30°.
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Figure 5.3: Converging CORDIC sine and cosine values fangle -48.6°.
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CORDIC sin(-48.6°) = -0.7501
CORDIC cos(-48.6°) = 0.6613

Convergence to Sine and Cosine Calculation

Cosine Converging CORDIC
Cosine True Value

Sine Conwerging CORDIC
Sine True Value

Result

1
10 15

Figure 5.4: Converging CORDIC sine and cosine values fangle 84.65°.

CORDIC sin(84.65°) = 0.9956
CORDIC c0s(84.65° = 0.0932

5.1.4 Error and Resolution

As with any digital device with a finite number of oggonal bits, the error due to quantization
becomes a factor in calculation. With the CORDIgbathm, the number of iterations
implemented in the trigonometric calculation determitesresolution.

For the purpose of this project, 12 bits are used to refréweangle of inclination. The data for
inclination is obtained from the onboard ADC as the ufiRebits of a signed fractional format.
Thus, the resolution of the inclination angle for +aflP$cale range is 0.0439°. Hence, using 15
bits in the CORDIC calculation does not increaser¢iselution of the angle itself. Rather, the
trigonometric sine and cosine calculations of theahgle 15 bit resolution based on the 12-bit
angle.

To examine the resolution of ambit CORDIC calculation, a residual of the sine andm®si
calculation for every angle (possible of representatigih 16-bit resolution) from -90° to +90°
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versus the 64-bit MATLAB calculation of that value Istped. These residual plots can be seen

below for 8-bit (Figure 5.5) and 15-bit (Figure 5.6) calculatitmaddition, the standard deviation
of the residuals at each number of bits is calculatddotmited, and can be seen in Figure 5.7.

Quantization and Iteration Error for 8-Bit CORDIC Sine Calculation

Quantization and Iteration Error for 8-Bit CORDIC Cosine Calculation

0.015

anfeA aniL woly [enpisay

Angle (Degrees)
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Figure 5.5: 8-bit CORDIC calculation residuals.

x 10 Quantization and Iteration Error for 15-Bit CORDIC Sine Calculation

X 10"‘Quantization and Iteration Error for 15-Bit CORDIC Cosine Calculation
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Figure 5.6: 15-bit CORDIC calculation residuals.
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Standard Deviation of Residuals
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Figure 5.7: CORDIC-calculated vs. true MATLAB calculatedresidual standard deviation at 8 through 16 bits of resolion.

It is clear from all of the above figures that astibenber of bits of resolution is increased, the
calculation of the sine and cosine values resulting ttemCORDIC algorithm approach the true
unguantized value. From Figure 5.6, implementation of 15®RDBIC, as used in this project,
results in values that fall within an envelope of 1.5%b0the true value, which represents an
angle value of less than 0.01°. Thus, any error onrter of 10" is considered sufficient in
calculation.

5.1.5 Microcontroller Implementation and Results

Implementing the CORDIC algorithm on the dsPIC micractier requires efficient
programming to reduce the number of instruction cycles redj@ior calculation. In addition,
mathematical calculations onboard the dsPIC are dastieas 1.15 signed fractional format to
reduce conversion time by avoiding all possible floatingtpzalculations. Converting the angle
of inclination derived from Equation 3.1 from a floatingmaiepresentation to a 16-bit fractional
entails quantization error, and the same is true ®shiort 16 word deep arctangent lookup table
required for the CORDIC algorithm.

The CORDIC function implemented onboard the magnetensystem can be found in Appendix
C. For ease of execution, a unipolar calculation is maeaning that all angles are converted to
their absolute value and then the CORDIC algorithm iswgrelc Upon completion, the sign of
the sine component of the vector is reestablished sumple negation of the output value if
necessary.

The CORDIC function receives the angle of inclinatio degrees as a floating point number and
converts it to a 1.15 fractional value representingetimn of the 90° full scale range via the DSP
library functionFloat2Fract [45]. Rounding of near-zero degree angles is requiredadid av
sign changes due to the quantized CORDIC lookup table. dimigling resulted in angles of less
than 0.000061° in magnitude to be rounded to a magnitude of 0.005°.
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Continuing, the CORDIC algorithm discussed in Sectioni@plemented, with simple shifts
and addition or subtraction. These operations areute@on the appropriately-indexed values of
the CORDIC lookup table according to the sign of therddsangle after each iteration.

After 15 iterations, the value afis output as the cosine value of the angle calculaind the
value ofy is negated if the input angle was negative, and theroatpout. These values are stored
in a 1 x 2 vector that is utilized later in the magnettanprogram to compensate for tilt.

Counting the number of microcontroller instructions megplifor the CORDIC algorithm to
complete from the function call to the return valuigs found that 1684 cycles are required for
both sine and cosine calculations combined. This nuodrebe compared to the 5,489
instructions required for a both direct sine and cositeulzion using 32 bit floating point
functions from the math library. This representssatation time that is 3.25 times faster and
utilizes only 30.6% of the instruction cycles. At 6.144 Bl|fhe speed increase accounts for a
time savings of 619 microseconds for every calculation made

If a trigonometric lookup table is implemented for theame calculations, significant increase in
memory requirements and instruction cycles are presedtesliming a lookup table of 256 values
for both sine and cosine, 512 bytes of memory are requiredddition, interpolation of these
values for greater accuracy requires a significant iser@aexecution time due to the interpolation
process. Using CORDIC, the single 16-word lookup tabi@memented, using only 32 bytes of
memory, or 6.25 % of that required by the interpolated loe&hle method.

To test the resolution of the calculations, a snat@le of angles is picked at random, and the
results of the sine and cosine calculations velsaigttual 64-bit calculation from MATLAB are
compared.

Angle (degrees) MATLAB Sine dsPIC CORDIC Residual
Sine

35.8° 0.5849576749 0.585025 6.73x 10°

24.7° -0.4178670738 -0.417907 3.99x 10°

0.09° 0.0015707956 0.001617 4.63% 10°

-76° -0.9702957262 0.970153 1.42x 10*

45 © 0.7071067811 0.707275 2.68x 10°

Table 5.1: Residual calculation of dsPIC onboard sine calculations vs. 64-bit
MATLAB calculations.
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Angle (degrees) MATLAB Cosineg dsPIC CORDIC Residual
Cosine

35.8° 0.8110638189 0.810882 1.82x 10°

24,7 ° 0.9085081775 0.908447 6.12x 10°

0.09° 0.9999987663 0.999939 5.97x 10°

-76° 0.2419218956 0.241760 1.62x 10°

45 ©° 0.7071067811 0.706817 2.89x 10°

Table 5.2: Residual calculation of dsPIC onboard cosine calculations vs. 64-bit
MATLAB calculations.

From the above tables, it is clear that the CORDd€dated trigonometric conversions fall

within the error envelope that is calculated in Sechigh The largest residual encountered in the
random sampling of angle values is 2:820* which when back-converted to an angle in
degrees, represents an angle of 0.02°. This error fédl iee 12-bit resolution of the 12-bit
angle sample resolution of 0.044°. Thus, the errored€C@RDIC calculations is negligible.

5.2 Trigonometric Identity Calculation
To determine if CORDIC is a suitable replacement faditronal methods of conversion using
trigonometric identity, testing of execution time ofstimethod is required.

From Equation 3.1, it can be determined that:

Vour — Vorrser (5.8)
2V/g

sin(Anglegyt) =

From the trigonometric identity presented in Equation &/8wp, the following conversion can be
made:

sin(©)% + cos(©)? =1

(5.9)
cos(©) = /1 —sin(O)? (5.10)
cos(Anglegyr) = \[1 — <VOUT _ZVOFFSET) (5.11)
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Hence, calculation of the sine and cosine of thenatbn angle requires no arcsine calculation.
By squaring the inclination term and calculating a square tle®butput sine and cosine values
result. The functionTrig_Trad , which executes this calculation, is shown in Apperalix

To implement the squaring of the inclination term (repnésd in fractional format), the built-in
functionVectorScale [45] is utilized. Shown in Equation 5.11, this value is cotageto a
floating point number, which is then subtracted from ofiee square root of this resulting value is
then calculated using floating point math, and the ouspednverted back to fractional format for
output as the cosine term of the output angle.

Timing the function, it is found that 2,132 instruction legcare required for the conversion and
mathematics for each tilt angle. Thus, for both fiomst to execute, a total of 4,264 instructions
are required. Despite using more instructions than @RRIC algorithm, this process speeds up
the total processing time of the system, in that tbsirae calculation and floating point
mathematics required to convert the inclination reatbndegrees in CORDIC are no longer
required. This is covered in Section 5.3.

5.3 Discussion

By implementing FIR and median filters of minimum ardefull magnetometer programming,
comparison of the traditional floating point and CORRHIculation processes reveals the
advantages and disadvantages of each for applicatibisiproject. The free-running execution
speed of the algorithms was tested to determine the maxgampling rate, half of which is the
maximum system bandwidth.

Method Maximum Maximum Advantages Disadvantage:
Sampling System
Rate Bandwidth
Trigonometric 820 sp 410 H: No arcsine calculatio | Square root calculatic
Identity No floating point in floating point
preparation. consumes instruction
cycles.
CORDIC 692 sp 346 H: No floating point matt |  Arcsine calculatiot
in CORDIC function. | required prior to call.
Very efficient if angle Arcsine requires
already represented by floating point input.
degrees or fractional.

Table 5.3: Comparison of CORDIC and traditional floating point trigonometric
calculation.

Using CORDIC, floating point and an arcsine calculaiomnimplemented in preparation for
implementation of the CORDIC function itself. Thiesspite speed of the CORDIC function being
far superior to floating point or identity methods, thegaration of the necessary floating point
values requires more time. Using this method, the maxisampling frequency when
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integrating all aspects of the tilt-compensated magneter system (discussed in Chapter 7) is
found to be 692 samples per second, resulting in a maxsyst@m bandwidth of 346 Hz.

When implementing the traditional method of sine andheosalculation using the identity

method (Equations 5.9 through 5.11), the floating point preparafithe inclination angle is not
required, yet a floating point calculation is neces$aryhe square-root function. Within the
complete system program, timing of the tilt-compergalgorithm using this method of
trigonometric conversion yielded a maximum sample d&d820 samples per second, resulting in a
system bandwidth of 410 Hz.

It can be noted that for this project, CORDIC is a slomethod for performing the magnetometer
tasks, due to the floating point arcsine function usedltutate the angle output in degrees. This
arcsine calculation is required for accurate inclinaéingle from the inclinometers [7]. However,
it is possible for this arcsine calculation to be igdaaad straight-line calculation of the output
angle can be utilized, allowing for the output anglee@aepresented in fractional format. Using
this method, significant reduction in execution time banealized, thus drastically increasing
system bandwidth. It is important to note, however, Wt the straight line method, error
increases with subsequent increase in inclination dAple~or example, at 45° of inclination (step
response angle), a 10.2% error (4.6°) results, and at #@lio&tion, a 23.4% error (16.3°) is
seen. For this project, and the potentially-large indbmadéngles that are tested, this amount of
error is to be considered unacceptable, and this methuat utilized. Alternatively, a lookup
table can be utilized to interpolate the value of thputudngle, reducing execution time.

Both trigonometric methods discussed in this chapter premecessful at executing trigopnometric
functions, with each resulting in system bandwidths dha more than sufficient for the signals of
interest. If further improvement in execution tinme dandwidth are required in the future,
further improvement in software is possible. This iswulsed further in Section 8.2 (Future
Work).
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Chapter 6 Tilt Compensation

In this chapter we discuss the implementation of ftexdid signals and subsequent calculated
trigonometric values, discussed in previous chapters, b&igrated in tilt compensation.
Trigonometric equations that use vector mathematicdiscassed and tested in the magnetometer
system. In addition, a calibration routine is ideatifusing simulation and testing of single and
double-axis motion. Software integration of tilt andlwaliion data is implemented using DSP
functions for fast and efficient execution.

6.1 Trigonometric Equations

The magnetic field vectors detected by each respe@ngos in any one axis are found
arithmetically by first using the roll-compensation equatiseen in 6.1. These results are then
transformed back to the horizontal plane with the pumimpensation equations seen in Equation
set 6.2 (with roll angl® and pitch angle) [22]. The equations reflect the tilt convention
discussed in section 3.2.2, also displayed in Figure B 1By andB, represent the magnetic
fields detected in the X, Y and Z axes of the magnetemandBy, .1, Byrou @NdBz,.,;; represent
the roll-compensated output of the system in the ¥nY Z axes, respectivelgy’, By’ andB;’
then represent the full tilt-compensated output of yiséesn in each axis direction, respectively.

Bxrou = Bx
Byrou = By cos(0) + By sin(0) (6.1)
Bz,011 = —By sin(O) + B; cos(O)

BX, = Bxrou COS((p) — Bzrou Sin((p)
BY, = Byrou

BZ, = Bxrou Sin((p) + Bzroul COS((p)

(6.2)

ROLL

Figure 6.1: Axis tilt angle convention.
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Combining the equations, the complete compensation equétmtiitsansform the tilted magnetic
field readings back to the readings in the horizont@lare seen in Equation set 6.3 below.

By' = By cos(¢@) + By sin(¢) sin(6) — B, sin(¢) cos(O)
By' = By cos(0) + B, sin(O) (6.3)
By sin(¢) — By sin(6) cos(@) + B cos(O) cos(p)

o
N\
Il

From the equations, it is shown that if either angler ©, posseses a value of zero (horizontal to
gravity vector), one of the horizontal axes is unaffédtg the tilt angle. If roll angl® is zero, the
simultaneous pitch tilt does not affect the outputefY axis. If pitch angle is zero, the
simultaneous roll tilt does not affect the output & ¥axis.

6.2 Initial System Integration
Integrating the tilt-compensation equations in softwsaecomplished by a single function called
_Tilt_Comp , which can be seen in Appendix C.

The function is passed pointers to the start addrefssiofectors (represented in fractional
format) stored in data memory onboard the dsPIC. Thevieeiors’ dimensions and contents are
seen in Table 6.1 below.

Table 6.1: Vectors passed to tilt-compensation function.

Vector Name Dimension Contents
H_raw_xyz 1x3 Raw (uncompensated) 3-axis magnetic readings
H_comp_xyz 1x3 Compensated 3-axis magnetic readings
roll_sin_cos 1x2 Sine and cosine result of roll angle, respegtivel
pitch_sin_cos 1x2 Sine and cosine result of pitch angle, respdgtive

After calling the function, the respective roll andcpisine and cosine values are loaded into
vectors that act as buffers for the vector operatibat will soon follow. The tilt-compensation
calculation is accomplished by implementing the builP®P functiond/ectorMultiply and
VectorDotProduct , from Microchip technologies [45] These functions utilize the MAC and
MPY commands of the dsPIC core to quickly perform arithenedctor operations.
VectorMultiply [45] multiplies each element of a vector with thereaimilarly-indexed
element of another vectokectorDotProduct multiplies each element in the same fashion,
but sums up the results of all multiply operations anguis a single fractional value. By utilizing
these functions with both the raw magnetic field detetor and the preloaded buffers containing
sine and cosine calculation of the tilt angles, th& J¥nd Z-axis results of Equation set 6.3 are
calculated and stored in the vectét_comp_xyz .
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A sample test of the tilt-compensated magnetomettesyis shown in Figure 6.2 below, where
the platform is first subject to a positive roll angietion, and then a positive pitch angle motion.
From the figure, evidence of tilt-compensation is appaesthe compensated magnetic readings
are significantly more stable than the raw readingsfthe three individual axes. This is the
desired result, as the field being detected is the stsadly field. Ideally, the tilt-compensated
output of each axis in a steady earth field will beximally flat, or possess zero standard
deviation.

Closer inspection of the compensated readings shottliiifis linearly related to the motion
presented to the tilt platform in the X, Y and Z axéssubsequent tests of the magnetometer
system with both positive and negative pitch andaadjles presented in different chronological
order, the drift changes magnitude and sign, relative torigmal, uncompensated magnetic
readings. Therefore, a correction, or calibratiothefmagnetometer system is required.

Tilt-Compensated 3-Axis Magnetic Reading
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Figure 6.2: Output of tilt-compensated magnetometer sysm with roll and pitch angle tilt.
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6.3 System Calibration

To calibrate the magnetometer system, it is necessdingt identify the possible sources of the
interference, or drift, of the compensated output. Jdesible sources of the drifting compensated
values are:

1. Magnetic interference (magnetic objects, stray magfietds, etc)
2. Misaligned inclinometer or magnetic sensors.
3. Sensor error (amplifier, sensor)

To isolate and identify the source of error, theseofacare isolated and tested with calibration
programs and alterations. To begin, the possible etaginterference from outside magnetic
sources is reduced by isolating the magnetometer systarfotation lacking any man-made
structures such as buildings, power lines, sewers, orlinethjlects. Several 2-axis motion tests
are carried out in this setting. One test can be selewbn Figure 6.3. All tests and resultant
plots seen in this chapter reflect no signal filtering.
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Figure 6.3: Output of tilt-compensated magnetometer sysm with roll and pitch angle tilt in an environment with minimal
external interference.

From the figure, we seen that error in the Z-axis (@@ftidirection has been reduced (compared to
Figure 6.2), although the drift in the X and Y-axis readisggill present. Through all tests in this
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environment, this reduction in Z-axis interference ieotéd, and thus conclusions can be made.
The change in the Z-axis reading reflects the remdvalfield gradient in the vertical direction,
likely the result of taking the initial readings in aldirig that was constructed with metallic
roofing and steel-framed drop ceilings. Alteration ofdirection of the magnetic field into these
magnetic materials (discussed in Section 2.4) resuitdeeiinterference seen in Figure 6.1, which
is also reflected in the other two orthogonal axesnhied.

The possibility of error in the output of the inclinatisensors can be eliminated by observation of
Figure 6.3 (also seen in Figure 6.8) and Table 6.5. With inidmangle error, deviation from a
steady field reading can be expected in the verticattim (Z-axis), by Equation set 6.3. From
observation of the figures and table, the standard dewviafithe Z axis is significantly less than
the other two axes. Therefore, it can be concludddethar in the inclination angle is not the
cause of the drift in compensated output.

The next test to determine the source of the interferanalyzes the alignment of the
inclinometers relative to the tilt platform. If teensors are not aligned properly, significant output
error can result in compensation with the erronglimation signal. To test if the inclinometers

are improperly, a one-axis tilt is performed in the pasiand negative direction in both roll and

tilt. The output of the magnetometer system, inclgdive compensated field readings is then
plotted. If either sensor is out of alignment, tbenpensated output of the unaffected (X-axis in
roll-only test, and Y-axis in pitch-only test) axis wiiviate from the raw magnetic reading. If the
inclinometers are, in fact, properly aligned on the R@8B tilt platform, the compensated field
readings of the unaffected axes will stay constantwiited. The plots of positive roll and

positive pitch are plotted in Figures 6.4 and 6.5, respegtiv
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Tilt-Compensated 3-Axis Magnetic Reading
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Figure 6.4: Three-axis reading and output with isolated rdltilt.
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Tilt-Compensated 3-Axis Magnetic Reading
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Figure 6.5: Three-axis reading and output with isolated pith tilt.

Seen in the X-axis outputs of Figure 6.4 and the Y-axis ¢oofigtigure 6.5, the raw
magnetometer reading does not diverge from the compermatiaa value, and therefore, the
inclinometers and magnetometers are properly alignedbeitthone another as well as the
platform itself. In addition, the error of the imdmeters is documented as +/-0.5% of the output
value. Inthe extreme case of a 90° tilt, the egonaximized and calculated at 0.45°. Using
Figure 6.5 above, this error represents approximately 62 macissZrror in the X axis output,
and 2 milliGauss in the Z axis output. This error is $icguntly less than the deviation seen in the
above figures. Therefore, it is concluded that sergprmaent is not the source of the output
deviation.

Eliminating the possibility of inclinometer output erisithe compensated Z-axis plot of Figure
6.3. This compensated output considers both the dlpa@ch angles in calculation (See Equation
Set 6.3). With the standard deviation of this signal be28g? dB, significantly less than the other
two axes (see Table 6.5), it can be determined that inciteyroutput is not responsible for the
output error. This conclusion is supported by manual tuningtdfibclination angles, resulting in
no notable improvement in deviation.
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Hence, the remaining deviation in the compensated outphéahagnetometer is due to an error
in magnetometer output or interfacing electronics. &mmar could be from sensor inaccuracies,
amplifier or factory calibration error, or error iretAnalog electronics of the system.

Simple weighting of the magnetic readings (thus alietie compensated output) is eliminated as
a solution to the deviation drift, as weighting any ohthe axis readings will weight that axis’
own compensated zero angle output. This creates a deviedm the raw magnetic field readings
and the compensated magnetic field output will exighénzero angle (initial) condition of the
magnetometer system. It is therefore concluded mh&iei compensated output of the system, the
change in the magnitude of the reading of one axisveradly affecting tilt-compensated outputs.

To identify this relationship within the system, two calilma routines are designed that interface
one-axis tilt readings like those in Figures 6.4 and 6.s@MATLAB programs, designed for
roll and tilt angle calibration, are seen in Appen8iand are calle@€alibrate_Roll.m and
Calibrate_Pitch.m.

To interface these programs, a simple spreadsheeftcioddift Excel is designed. The spreadsheet
accepts a 500-sample long reading of a one-axis tilt rtimeahagnetometer. The spreadsheet
incorporates eight pieces of data in eight columns, inetuthe raw X, Y and Z axis readings, the
compensated X, Y and Z axis readings, as well as thandlpitch angle, all converted to units of
Gauss and degrees, respectively. After conversion, thecdatbe cut from Excel and pasted into
the data matrix that is created in the calibratiofil®yl-

In a one axis tilt situation, the X and Y axes canfiiecathe compensated output of the other, as
one of the axis readings is not changing with eitiftesdenario. Therefore, the relationship
between the X and Z axis, as well as the Y and Z asesexplored in the one-axis calibration
programs.

The equations being explored by the calibration M-fileafooll-only scenario are as follows,
including the calculated change in reading magnitude frenm-angle state] B:

Bxrou = Bx
Byrou = By cos(O) + B, sin(O) + AB;, (6.4)
Bsrou = —By sin(©) + B; cos(60) + ABy,

Bxrou = Bx
BYTOll = By COS(Q) + BZ Sln(@) + ABY
Bzrou = —By sin(0O) + B; cos(O) + ABy

(6.5)
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In Equation set 6.4, the net change in the output afaleZ-axis readingdB,, is assumed to
affect both the Z-axis, and the Y-axis, as describedabd¥e equations exploring the Y-axis
change affecting both the Y and Z axes in the sanyesvas seen in Equation set 6.5.

It is seen from the figures presented in this chapterfénubat only a small percentage of the full
scale net change of each axis is affecting the opposiag &herefore, coefficients must be
included in the calibration equations, as in 6.6 and 6.7 below

Byxrou = By
Byrou = By cos(0) + Bz sin(0) + pyqaz4B; (6.6)
Bzrou = —By sin(O) + Bz cos(O) + pzq7z4B;

Byxrou = By
Byron = By cos(0) + Bz sin(0) + pyayABy (6.7)
Bzrou = —By sin(0) + Bz cos(O) + pzay4ABy

In these equations, tlrecoefficients are denoted by the axis they are altendglae axis whose
net change is being scaled. For example, if the Y svbeing affected by a net change in
magnitude of the Z-axis reading, the coefficient ofdbeespondingl B, is denoted agy ;. If

the error is linear in nature, the values oflemefficients will be similar and repeatable in texts
both positive and negative angle excitation.

The calibration routine of the M-file considers tlagrmagnetic field and angle readings of a one-
axis test, and alters and identifies pheoefficients that produce the most similar tilt-comgeted
steady-state result in the initial zero-angle and fittad readings of the test. The testis
performed four times for both roll and pitch, with pagtand negative tilts of each axis while
considering thedBy, ABy, or AB, components.

The pitch equations considered in this test (pitch eqemslof equations 6.6 and 6.7) are as
follows:

Bypitcn = Bx cos(@) — Bz sin(@) + pxqz4B;
BYpitch = By
Bzpitcn = Bx sin(@) + Bz cos(¢) + pzqz4B;

(6.8)
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Bypitcn = Bx cos(@) — Bz sin(@) + pxaxA4Bx
BYpitch = By (6.9)
Bzpitcn = Bx sin(@) + Bz cos(¢) + pzqax4Byx

Tables 6.2 and 6.3 display the calculgtecbefficients for the roll and pitch calibration,
respectively. The tests are carried out with incloraingles of approximately 20°.

Table 6.2: Roll angle coefficient calibration test results.

p Positive Roll Angle Negative Roll Angle
pyaz (from 6.6) 1.00 0.31
Pzaz (from 6.6) 0.11 0.08
pyay (from 6.7) -0.19 -0.17
Pzay (from 6.7) -0.03 -0.04

Table 6.3: Pitch angle coefficient calibration test results.

p Positive Pitch Angle Negative Pitch Angle
Pxaz (from 6.8) 0.35 -1.00
pzaz (from 6.6) 0.18 -0.56
pxax (from 6.9) -0.15 -0.14
Pzax (from 6.9) -0.05 -0.04

Examination of the tables shows a correlation ingtleeefficients when the net change in the X-
axis readings and Y-axis readings alters the Z-axis comp@msda his coefficient relationship is
maintained, regardless of the sign of the pitch arlcanglle, and inspection of the other test
conditions reveals no such correlation. This refedigp concludes that a change in either the X or
Y axes results in a linearly proportional change in bhéhcompensation of its own output, as well
as the compensation calculation of the Z-axis output.

Plotting the result of the calibration includipg,y = —0.145 andp,,x = -0.045 (average of the
positive and negative coefficients), Figure 6.6 is the itial result of the same isolated positive
pitch test displayed in Figure 6.5.
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Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 6.6: Test of calibration coefficients with potive pitch-isolated motion.

Resulting from the calibration, the compensated readifighe test clearly show improvement
over the non-calibrated test. Including thgy andp,,y in roll tests can show similar results.

Despite the improvement, there remains a small gacrey of about 2.5 mGauss in the output of
the Z axis in Figure 6.6. The signal calibration improgets are consistent in all tests, and small
errors in the Z-axis are consistently reflected asthtests. This error is likely caused by either
minute field irregularities or inaccurate calibration fficents, as the coefficients calculated and
implemented here were derived from a solitary one-asis tFrom testing, repeated calibration
tests with a mean-calculated calibration coefficresults in a more accurate calibration of the
system.

Altering the position of the magnetometer system éndarth field being tested (turning the
platform to another position) results in coefficiewiation (+/-0.05 or less from typical observed
values), indicating that the error is rooted in eithermagnetometer module or unforeseen
magnetic field irregularities.
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Assuming the magnetic fields incident on the magnetensy/stem are uniform in direction

(dipole field), the root of the calibration coefficierglues is theorized to be related to factory
calibration of the magnetometer module. Similar guFe 6.7, the magnetometer is factory
calibrated using trim resistors that are connected inlpbralthe Wheatstone bridge of the sensors
themselves. The output of the bridge is then amglifi¢h an active lowpass filter, presenting a
36 dB gain. With the trim resistors used on the modulegssing a small tolerance, possible
errors in calibration result. This error is subseqyeplified and output. Hence, after factory
calibration, small errors still exists.

Vbrid
bridge

-
-

§ Rtrim

§ Rtrim Rmag § Rmag >
Amp Vout

-0

Figure 6.7: Trimming and amplification of magnetic sensooutput.

Therefore, the calibration coefficients presentethis chapter represent a fine-tuning of the
factory calibration of the magnetometer system, disectimponent tolerance. This fact is
supported by the magnitude of the coefficients, in thap XX andpYdY coefficients are similar
in magnitude and relatively larger than thefdX andpZdY counterparts. With the X and Y
magnetometer axes constructed in the same integrated ¢iC), their calibration values are
expected to be very similar, with the Z axis (on sepdi@) being dissimilar. Further testing and
investigation of the relationship between calibration ficiehts and the factory testing can
confirm this relationship. The remaining fluctuation in tlaibration coefficients with varying
orientation, mentioned above, is therefore assumeéd toresult of non-uniformities in the
surrounding magnetic field.

The accuracy of the calibration coefficients cannyeroved with several calibration tests resulting
in a mean calibration coefficient. However, for thepose of this project, a single roll and pitch
calibration coefficient calculation prior to any setedts will suffice.
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By integrating the Equation sets 6.7 and 6.9, transformafitime tilted magnetometer readings
are converted to the compensated horizontal plane wjilation set 6.10 below with roll angie
and pitch anglep.

By' = Bx cos() + By sin(¢) sin(0) — By sin(@) cos(0) — pyayABy sin(@) + pxaxABx
By' = By cos(0) + B sin(0) + pyayABy
B;' = By sin(@) — By sin(0) cos(@) + By cos(O) cos(¢) + pzayABy cos(@) + pxaxABx

(6.10)

An uncalibrated test with both pitch and roll mot@an be seen in Figure 6.8. The same test
incorporating the calibration coefficients calculated\etis seen in Figure 6.9 below.

Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 6.8: Non-calibrated 2-axis compensated earth fielgading.
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Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 6.9: Calibrated 2-axis compensated earth field exling.

Calibration of the system clearly has improved thememsated output of the system in the X and
Y axes, yet has produced a discrepancy in the compensabad @utput. A small discrepancy
remains in the X-axis output as well. The ideal compedsautput is a steady field with zero drift
(ignoring extremely negligible earth drift). StanddeViation of these steady field signals is zero.
Analysis of the standard deviation compensated signaleafne-axis and two-axis tilt
experiments above before and after the calibrationn®is performed is shown in Table 6.4 and
6.5, respectively. Reduction in standard deviation isaltref improvement in tilt-compensation
resulting from calibration. With optimal compensatistandard deviation of the output signals
approach those of ideal steady earth field, or a vdlaero.
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Table 6.4: Standard deviation of calibrated and uncalibrated magnetic output with
single-axis negative pitch motion.

Standard Standard
Axis Reading Deviation Deviation
Uncalibrated Calibrated
(Figure 6.5) (Figure 6.6)
X-axis -60.6 dBGauss -61.8 dBGauss
Y-axis -42.4 dBGauss -63.4 dBGauss
Z-axis -54.2 dBGauss -66.0 dBGauss

Table 6.5: Standard deviation of calibrated and uncalibrated magnetic output with
two-axis motion.

Standard Standard
Axis Reading Deviation Deviation
Uncalibrated Calibrated
(Figure 6.8) (Figure 6.9)
X-axis -36.8 dBGauss -44.4 dBGauss
Y-axis -41.0 dBGauss -61.4 dBGauss
Z-axis -58.4 dBGauss -50.8 dBGauss

The calibration routine has shown improvement of @@&dBGauss of deviation reduction in the
Y axis output in both tests, and 10 dBGauss of improvemeatgviation in the two-axis test for
the X-axis output. X is relatively unchanged in thé-oaoly test and Y is unchanged in the pitch-
only test, as expected. Inthe Z direction, as meatiabove, there was an increase in deviation
from the calibration of 7.4 dBGauss for two-axis stimalat Likely from field inconsistencies,
this tolerance in the output of the Z-axis is acceppedhiis project, as tests of other inclination
combinations show improvement in the Z-axis output wighddame calibration coefficients.

6.4 Hardware Implementation

To properly calculate the output of the magnetometgesy with calibration coefficients and delta
terms seen in Equation set 6.10, alteration of theditipensation function discussed in Section
6.2 is carried out. Seen in Appendix C, vectdr raw_xyz is changed to a 1x6 vector that now
contains theBy, By andB;, axis information, as well as ti#8y, ABy, and4B, information
calculated in the main function. The roll and pitchtoes are expanded to 1x6 with the sine and
cosine values of the roll and pitch angles, respegtilehded into the proper indexed location for
equation set 6.10. Finally, the vectons_x, rho_y andrho_z contain the calibration
coefficients for each respective axis, indexed as sacg$o ensure the proper calculation of
equation set 6.10. When these vectors are multipliddamié another and the output is calculated
via the dot product operation, the output values of thieraéed and compensated X, Y, and Z-axis
values result.
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Timing this function using the simulation tool of the ds®kbugger, it is found that calculation of
Equation set 6.10 takes exactly 523 instruction cycles, om2itrdseconds at 6.144 MIPS. This
calculation shows the true power of the dsPIC coteé@fnicrocontroller, as this same calculation
would take several thousands of instruction cycles ifemgnted with simple accumulator
multiplication, and many thousands of instructions i&fiog point calculations are implemented.
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Chapter 7 Testing and Results

This chapter outlines several tests to display the dparahd effectiveness of the tilt-
compensation of the magnetometer system. Steadyfeddihare detected and processed with
several variations of motion stimulation. Timeyiag magnetic fields are also detected,
processed and displayed, exhibiting the system’s ability¢oessfully detect low frequency
signals and signatures. In addition, a compass algonthioh outputs the heading of the
magnetometer relative to the detected horizontal patiee earth’s magnetic field, is tested.

7.1 System Specifications

The performance and capabilities of the magnetomeségrsyto detect low frequency magnetic
fields depends on the design specifications of the vasipatem tools. The sample rate, and thus
bandwidth of the system, is limited by the execution spéd¢de necessary compensation and
filtering algorithms. The order of the implemented Rl median filter determine the level of
noise and outlier attenuation, as well as phase delay.

7.1.1 Sampling Frequency
The process of integration of the various algorithmeusgised in previous chapters into a tilt-
compensated magnetometer system begins by first identtfyengate of data sampling.

Implementing the inclination filtering process by meanaro25th ordes-trimmed median filter
(concluded from Chapter 4) and use of the traditional algarfor trigonometric calculation (from
Chapter 5), as well as a 25th order FIR filter (fromZéa4), a maximum sample frequency is
calculated based on executed instruction cycles. Timbauof cycles used for these calculations,
along with the data sampling and all overhead is cakdland tested at approximately 9,000
instruction cycles, resulting in a maximum sampling frexyeof 680 sps at an operating speed of
6.144 MIPS.

When utilizing the CORDIC algorithm for trigonometric @alations, rather than the traditional
algorithm, the maximum sampling frequency is calculatés?&tsps, or 11,700 instructions per
sample.

In these calculations, the number of instructioneyckquired to execute the FIR lowpass and
median filter calculations is considered negligibkettee difference in execution time from a small
order (approximately 2'50rder) to a higher order filter (approximatel)}h7(5rder) is small relative
to the overall execution time.

With either algorithm, the maximum sampling frequencyosthis project, undesired, as no time
or instruction cycles remain for transmitting datagtwtting. At a data rate of 115.2 kbps,
transmitting the three axes’ raw magnetic, thres aoenpensated, and two angle of inclination
readings to the user at 16 bits each requires 1.11 millidecon 6,826 instructions cycles. In
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addition, in a realized application of the magnetomgystem, utilization of the compensated
magnetic signals for a desired purpose would require Tilmgs, a sample rate that is slower than
the maximum is used in the magnetometer programming.thEgurpose of this project, a
sample rate of 250 samples per second is implementddwofar data transmission time, while
still maintaining an acceptable bandwidth for field detectiod compassing [1].

At this sample rate, the acceleration impulse ofrthénation signal when the tilt platform is
abruptly stopped consumes two to three samples, and thasriimum order of the FIR and
median filters will be 25 (see Section 4.1). Testsaise implemented utilizing ¥5order filters,
displaying the variation in output from the change in arder

7.1.2 Filter Specifications
As discussed in Chapters 4 and 5, the order of the méltkairand FIR filter for the inclination
and magnetic signals, respectively, are to possessathe order.

The FIR lowpass filters tested are of"@Binimum order) and 75order, both utilizing the
Blackman window with the fractional cutoff frequendy0o25. At a 250 sps sample rate, this
equates to a 62.5 Hz cutoff frequency. This filter speatifbn can easily be adjusted in design by
the user for a target cutoff frequency of interesseldeon the intended purpose of the
magnetometer system and sources of magnetic nosedtienuated.

Design of the 28 ordera-trimmed median filter includes a valuew# 0.10, or 3 samples
removed from each end of the input data set (see Sekcftidl).

The 2%"-order FIR lowpass filter impulse and frequency resporessteown below in Figure 7.1.

Impulse Response of Blackman Window-Based GLP FIR Filter Frequency Response of Blackman Window-Based FIR Filter
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The 7%-order implementation of thetrimmed median filter includes a valuew£ 0.20, or 15
trimmed samples.

The impulse and frequency response of tHdatfler FIR lowpass filter with fractional frequency
cutoff of 0.25 are shown below in Figure 7.2.

Impulse Response of Blackman Window-Based GLP FIR Filter Frequency Response of Blackman Window-Based FIR Filter
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Figure 7.2: Impulse (left) and frequency (right) respons of 75th -order Blackman window FIR lowpass filter.

7.2 Testing and Results

Testing of the tilt-compensated magnetometer systseandomplished by detecting several types
of magnetic signals. Tests are implemented to detath’s steady magnetic field, and the
standard deviation of the steady fields is a benchmardtef@rmining the performance of the
system. Reflecting a steady field, minimal deviatiothefoutput signals displays optimal
performance. In addition, magnetic perturbations includimglated introduction of a passing
metallic sphere and a sine wave field, both generabed & current-driven solenoid, are presented
to the tilt-compensated system to display its capabilityep¢cting varying magnetic signals.

All tests are performed for a standardized ten secamaifiterval, and all tilt angle plots (subplots
in figures) are maintained as unfiltered, raw angle ouptiite magnetometer system to allow for
observation of inclination filtering effectiveness.

7.2.1 Earth Field Detection

Two tests are executed to examine the tilt-compensatedettageter’s performance. These tests
include the gravity-driven step-like response of the inclifrensediscussed in Chapters 3 and 4, as
well as tests of random motion with abrupt stops tplatform tilt. This test is performed by

tilting the platform until it contacts wooden stops atieg small acceleration impulses.
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To examine the performance of the filtering algorithnieatfon the high-frequency acceleration
signals of the gravity-driven step response, three fittenarios are tested. Unfiltered"@der,
and 7%-order FIR and median-filtered signals are displayefignres 7.3, 7.4 and 7.5,
respectively.

Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 7.3: Gravity-driven step response of tilt-stabized magnetometer system with no signal filtering.
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Figure 7.4: Gravity-driven step response of tilt-stabized magnetometer system with 25th-order FIR and mediafilters.
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Tilt-Compensated 3-Axis Magnetic Reading
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Figure 7.5: Gravity-driven step response of tilt-stabized magnetometer system with 75th-order FIR and mediafilters.

Standard deviation of the steady earth field output@sifstem is calculated using a standardized
time period spanning from 2 seconds prior to the step excitaii2 seconds after.

Table 7.1: Standard deviation of unfiltered and filtered step response output signal
with 25th and 75th-order FIR and a-trimmed median filters.

Standard Standard Standard
Axis Reading Deviation Deviation 28- | Deviation 75
Unfiltered Output| Order Filtered Order Filtered
Output Output
X-axis -34.2 dBGauss -41.4 dBGauss -40.6 dBGauss
Y-axis -45.6 dBGauss -49.6 dBGauss -50.0 dBGauss
Z-axis -35.2 dBGauss -48.0 dBGauss -48.0 dBGauss
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The X-axis output displays a 3.6 dBGauss and 3.2 dBGauss diepiation when 28, and 75-
order filters are implemented, respectively. In th@® output, 6.4 dBGauss improvement is
achieved with both filter orders. Improvement was alem $e the Y-axis, as the cross-axis effects
of the inclinometer signal is reduced with both ora#rlters. From visual inspection of the
system output, there is significant steady field impraent when the FIR and median filters are
implemented in the system. With similar output stathdeeviation, as well as visual improvement
with both order of filters, it can be determined thdf @&der filters are not necessary to achieve
desirable results with high-acceleration conditions.

The next test that is performed is motion in bothsadéilt with abrupt stop of the directional
changes. This is achieved by pitching, then rolling thelatform in both the positive and
negative angle directions, stopping the motion with redswooden blocks. From this test, four
acceleration impulses are produced in the inclinatiomagsgirom each acceleration (abrupt stop)
inclination impulse. Unfiltered outputs, along with thetfiltered outputs at 25th and *Z6rder
filtering are seen in Figures 7.6, 7.7, and 7.8, respectively

Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 7.6: Unfiltered output of magnetometer with abrypt deceleration.
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Tilt-Compensated 3-Axis Magnetic Reading
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Figure 7.7: Magnetometer output with abrupt decelerationmplementing 25th-order filters.
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Tilt-Compensated 3-Axis Magnetic Reading
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Figure 7.8: Magnetometer output with abrupt decelerationmplementing 75th-order filters.

Table 7.2: Standard deviation of unfiltered and filtered output signal with 25t and
75th-order FIR and a-trimmed median filters.

Standard Standard Standard
Axis Reading Deviation Deviation 28- | Deviation 75
Unfiltered Output| Order Filtered Order Filtered
Output Output
X-axis -40.6 dBGauss -51.2 dBGauss -52.0 dBGauss
Y-axis -43.4 dBGauss -56.6 dBGauss -56.8 dBGauss
Z-axis -44.8 dBGauss -56.6 dBGauss -58.0 dBGauss

Standard deviation measurement of the steady output sigmeisan exact measurement of the
tilt-compensated results, due to the non-standardized nwititwe tilt platform, However, this
calculation can be used as an approximation of the peafice improvement gained from the
filtering of the inclination and magnetic signals. prmavements from 10.6 dBGauss to 13.2
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dBGauss are presented wheff 5der filters are implemented on the magnetometesry

output signals. In addition, when the higher (75) ortiter fis used, improvement in the deviation
of the compensated signals is produced in all three ages,in Table 7.2. This improvement is
minimal in the Y-axis (additional 0.2 dBGauss), howeverettgected result of improved SNR is
achieved.

Finally, slow rates of tilt are applied to the magnetten platform to display the tilt-compensating
capabilities of the system when no acceleration impslpeesent in the input signals. Plots of just
filtered outputs of the system can be seen in FiguBear®l 7.10 below. Standard deviation of the
compensated output of these tests can be seen in Tebkrsd77.4, respectively. Azimuth angle
of the test seen in Figure 7.10 is also calculated iid®ec.2.2.
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Figure 7.9: Random motion of magnetometer system with #5order filter implementation.
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Table 7.3: Compensated output standard deviation from test seen in Figure 7.9.
Standard Standard Maximum Maximum Field | % Error
Deviation of Deviation of Field Deviation Deviation of Reduction
Uncompensated| Compensated of Compensated Field
Output Output Uncompensated Output Deviation
Output
X-AXxis -29.24dBGaus -54.8 dB5auss 65.1 mGaus 5.2mGaus 92.(%
Y -Axis -30.4dBGaus -57.2 dB5auss 56.2 mGaus 4.7 mGaus 91.6%
Z-AXis -34.€ dBGaus -63.0 dB5auss 39.1mGaus 3.7mGaus 90.5%
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Random motion of magnetometer system with #5order filter implementation.
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Table 7.4:

Compensated output standard deviation from test seen in Figure 7.10.

Standard Standard Maximum Maximum field | % Error
Deviation of Deviation of Field Deviation Deviation of Reduction
Uncompensated| Compensated of Compensated Field
Output Output Uncompensated Output Deviation
Output
X-Axis -29.6dBGaus | -55.8 dBGauss| 66.2 mGaus 5.8 mGaus 91.2%
Y -Axis -30.zdBGaus | -55.8 dBGauss| 55.2 mGaus 6.3 mGaus 88.6%
Z-Axis -35.(dBGaus | -56.8 dBGauss| 39.8 mGaus 4.1 mGaus 89.7%

Results show significant improvement in both testd) etween 88% and 92% reduction in
maximum field deviation resulting from tilt motion compatisn. The system has reduced the
standard deviation of the steady earth field output by et\#é.8 dBGauss and 28.4 dBGauss
when compared to the non-compensated output. Thesashestdhat with low-frequency, steady
motion, significant improvement in signal stability aedlability are achieved with the tilt-
compensated magnetometer system.

7.2.2 Azimuth Calculation

The tilt-stabilized magnetometer has the additionattion of utilizing the horizontal magnetic
field calculations to determine its current azimuth anMth 0° azimuth corresponding to a
heading of true north and 180° corresponding to true sttlorientation of the tilt-compensated
magnetometer (positive Y-axis reading relative torefetd north) is calculated via equation 7.1.

Yhori
) _ -1 oriz
O uzimuth tan <Xhoriz) (7 ]_)

Due to the limits of the arctangent function, seveoaditions are required to properly output the
0° to 360° azimuth angle (seen in Equation Set 7.2).

( ) 4P
180° — tan™! (M) . Xnorig <0
Xhoriz

Y .
— tan-1 < hOTlZ) ’

horiz

Xhoriz >0 ’ Yhoriz <0
Ouzimuth = { Y (72)
o -1 horiz
360° — tan <—) ’ Xhoriz > 0, Y horiz > 0
X horiz
90° )
\ 270° ,

Xhoriz > O' Yhoriz >0
Xhoriz > O' Yhoriz >0
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To calculate the azimuth angle based on the conditgiatdments, a function calleézimuth

is programmed for implementation on the dsPIC. Utiziloating point operations for division
and the arctangent function, the calculations are paeid according to the conditions of the
horizontal X and Y magnetic field readings. Due to tbating point calculations, this function is
inefficient in execution time, requiring between 860 and 4&%#uctions from call to return to
perform the calculation in software, depending on the of the field readings. As an alternative,
the function atan2 is used for the above calculatiatm, tve notable drawback of requiring 3,206
instruction cycles for every instruction call. Improvensein the efficiency of this azimuth
calculation are possible with alternative integer-tasggorithms. However, for this project, the
atan2 function is programmed and used in software.

To examine the accuracy of the azimuth calculationdtieg from the tilt-compensated system,
two sample tests can be seen in Figures 7.11 and 7.12.
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Figure 7.11: Azimuth angle of til-compensated magnetomet system implementing 75-order filters (same test reflected in
Figure 7.10).
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Analyzing the azimuth output, it is calculated that & thagnetometer readings were left
uncompensated, the azimuth reaches a maximum error off@h8the steady state angle, with a
standard deviation of 10°4 Compensated, the maximum drift from the steady &dt&°, or a
93% reduction in error. Compensated standard deviatiolicislat@d to be 0.50

Rotating the magnetometer, a second test is performea jrs&igure 7.12 below.
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Figure 7.12: Azimuth angle of tilt-compensated magnetomet system implementing 25th-order filters.

This test displays up to 47° of error in the uncompensaitetiizoutput, and 2.9° of maximum
error when compensated. This reflects a 93.8% reductianimuth angle error utilizing tilt-
compensation. Standard deviation of the compensated anchpgesated outputs is calculated to
be 1.0 and 40.%, respectively.

Both tests present significant improvements in azimogheaoutput when tilt-compensation is
utilized. An overview of results from both tests t@nseen in Table 7.3.
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True Standard Standard Maximum Maximum Error
Azimuth Deviation of Deviation of Deviation of Deviation of Reduction from
Angle | Uncompensated Tilt- Uncompensated Tilt- Tilt-
Output Compensated Output Compensated | Compensation
Output Output
Test #1
(Figure 7.11)| 275.7° 10.4° 0.50° 24.8° 1.7° 93.1%
Test #2
(Figure 7.12)| 116.0° 405° 1.0° 44.0° 29° 93.8%

Table 7.5: Results comparison of azimuth angle tests seen in Figures 7.11 and 7.12.

With the added instruction cycles required for the exenudf the azimuth calculation, the
maximum sampling frequency drops to a maximum of 370 sample®pend. Hence, a 250 sps
sampling frequency remains adequate for azimuth calculattbrseveral hundred microseconds
to spare for further calculation or decision-making preess

7.2.3 Varying Field Detection
In many field applications, magnetometers are requirettect varying fields. To demonstrate
the tilt-compensated system’s capability for this task, tests are performed.

First, simulation of a magnetic object passing neamtagnetometer is simulated by generating
the magnetic signature of a slowly passing metallicrgoti@ a 60cm long (8cm diameter)
solenoid. Using a current-controlled generator, a sitiarl of the fields reflecting a sphere
passing the magnetometer system in the Y-axis direistiproduced. The field is variable only in
the Y-axis direction via the orientation of the solenparallel to this axis (see Figure 7.13) and a
tilt-free reading of the generated field is seen in Fegut.14 and 7.15 below. As expected, the
generated signal has no effect on the cross-axesrsgisand Z axes).

Figure 7.13: Electromagnetic solenoid positioned in Y-agidirection.
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Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 7.15: Isolated Y-axis reading of generated spheregsiature seen in Figure 7.14.
Tilting of the magnetometer reveals the sphere sigaatuhe compensated Y-axis output, seen in

Figure 7.16.
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Figure 7.16: Isolated Y-axis tilt-compensated output afphere signature detection.

The passing sphere is clearly visible, with approximatemam magnitude maintained. Error in
the steady state output of the system is due to the n@ormamature of the field generated by the
solenoid, as the field now possesses curvature (unlikéiggbée earth field).

Motionless vs. Tilt-Compensated Sphere Signature
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Figure 7.17: Comparison of motionless and tilt-compensatl output of the magnetometer system.

Time-shifting the tilt-compensated signal to align peakh e motionless signal (Figure 7.17), a
signal to tilt-motion noise ratio (STNR) is capablebeing calculated by equation set 763 is

the standard deviation of the output signal, asfds the standard deviation of the residuals of the
motionless and tilt-compensated output.
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Oy
Ot (7.3)

For the test shown in the above figures, STNR isutatled to be 16.5 dB.

Improvement of this ratio can be achieved with moreigeezalibration of the system, as well as
further signal amplification and filtering. This issdussed in Section 8.2, Recommended Future
Work.

Detection of a sinusoid signal presented by the solenmierger at an angle of 45° to the X and Y
axes in the horizontal plane (see Figure 7.18) is predemtFigures 7.19 through 7.21 below. The
sinusoid is programmed at 0.5 Hz.

Figure 7.18: Positioning of electromagnetic solenoid at #&ngle to the X and Y axes in the horizontal plane.
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Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 7.19: Generated sinusoid signal detected in thetizontal (X and Y axes) plane with no tilt.
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Tilt-Compensated 3-Axis Magnetometer Readings of Earth Field
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Figure 7.20: X and Y output of tilt-compensated magnetifield readings of generated sinusoid field.

Analyzing the Fourier Transform of the sinusoid (sans B€ets) output including and excluding
tilt motion reveals maintenance of the magnitude 0.8dtaponent of the tilt-compensated signal.
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Figure 7.21: Frequency response of motionless and ttempensated magnetometer output.

Table 7.6: Comparison of 0.5 Hz component magnitude of motionless output versus
tilt-compensated output.

Axis 0.5 Hz Component 0.5 Hz Component
Magnitude Magnitude Including
Motionless Tilt
X -38.6 dBGaus -38.8dBGaus
Y -37.0dBGaus -39.0dBGaus

The 0.5 Hz component of the motionless outputs in tayY axes reflect magnitudes of -38.6
dBGauss and —37.0 dBGauss, respectively. The Y-axis output usatpe for motion possesses
a — 39.0 dBGauss magnitude, showing that 2 dBGauss of degraafati@nsinusoid signal results
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from the compensation calculations and error. IKdaxis, little degradation is seen, as only a
0.2 dBGauss discrepancy in the 0.5 Hz component magnitudesénped.

From these tests, the magnetometer has proven cagatdeecting periodic and aperiodic varying
magnetic fields. Hence, proximity detection and mégrsgnature recognition are both suitable
applications for the tilt-compensated magnetometeeByst
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Chapter 8 Conclusion

A tilt-compensated magnetometer has been designed, éegtethalyzed. This integrated system
solves the problem of magnetometer inaccuracy whemgtiftiotion is presented. Successful
testing has demonstrated the system’s ability to sigmiflg more accurately detect steady earth
fields, sinusoidal fields, and aperiodic signatures vguwdaected to tilt motion.

8.1 Summary

Design and construction of a tilting platform designadafccurate roll and pitch motion allowed

for repeatable and reliable testing of the system. pldtéorm houses a printed circuit board that
includes a digital signal processing microcontrollernglsithree-axis magnetometer module, dual
inclinometers, and various other necessary peripherals.

Testing of inclinometer sensors utilized to acquire inclimeangle readings presented accurate
output, but revealed an inverted high frequency impulse-éikpanse component when presented
with a large acceleration condition. Various topasgdf non-linear median filters were simulated
and explored to attenuate this high frequency contentsi@nmg results of simulation and
testing, anu-trimmed median filter is implemented in the final degsi

Finite impulse response filtering is explored for thegn&ic signals. In addition to improving the
signal-to-noise ratio of the magnetic signals, trex gan easily alter the design of the FIR filter for
any subsequent magnetometer task or specification. ThitErRlso complements the median
filtering of the inclination signals with similar pba delay.

Necessary for the trigonometric compensation, the CIGRIyorithm is explored as an
alternative to traditional calculations of sine andmes For the final design, CORDIC was not
found to be ideal due to execution speed. However,akisahd accurate method for
trigonometric calculation can be the most efficier@thod if alternative inclinometers that output
data in a different format are used in future work.

Testing of the magnetometer output revealed the negésisa calibration routine. Coefficients
are calculated for a method of magnitude correctiomjfgsgntly improving the accuracy of the
tilt-compensated system.

Final testing of the magnetometer system revealed stadniiengs of earth’s magnetic field, and
this steady-field data is optionally utilized as a comggsgem. In addition, varying magnetic
fields are accurately and reliably detected in testing, detrating the magnetometer’s capability
to be used for signature or proximity detection.

8.2 Recommended Future Work
Further programming of the magnetometer system to incatgautomatic calibration when
powering up drastically reduces time and data required torerémasystem for operation.
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Considering nearby magnetic materials and stray or noofumfields, calibration routines for
simpler preparation and user interfacing within these patnhoisy environments is
recommended.

Documented algorithms have been developed that calcuéasgjtfare-root of an integer using
only integer-based mathematics. These algorithmsxérensely efficient, and require only a
small percentage of the instruction cycles used in thiegréor the same calculation. Discussed
in Section 5.2, improvements in programming of trigonometiculations via a similar algorithm
will drastically improve the bandwidth of this magnetoenesystem, if such a larger bandwidth is
required.

Signature detection for proximity and varying field preserare be optimized with matched
filtering and maximum likelihood algorithms. Custom fiitey of this nature will allow for task-
specialization of the magnetometer system. Effigggagramming of these tasks is required to
maintain the maximum bandwidth of the system, but thisgs® will greatly improve the
versatility and breadth of the tilt-compensated magneter system.

The tilt-compensated magnetometer system has beearpedfective at detecting magnetic fields
when presented with tilting motion. The tests implet®erin this project are performed in
uniform dipole fields, or close approximations. In theecahere the magnetic field is not
uniform, additional calibration and compensation fovarent or tilt through this field is
necessary to ensure the proper compensation of the ticaigraalings.
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Appendix A System Schematics

A.1 Power Circuit Schematic
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Appendix B MATLAB Code

%%09%0%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
% Name: Median_Filt_AlphaTrim.m

% Author: Adam Bingaman

% Date: 1/14/10

% Purpose: Simulates alpha-trimmed median filt er
% Notes: NONE

%%9%6% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

% Set system parameters

%0%%%%%% %% %% %

%0%%%% %% %% %% %

xn =]; % Input signals

yn=1J;

N =100; % Length of input window
alpha = 0.10; % Trim value

alpha = alpha * N;
win_current = zeros(1,N);

for i=l:length(xn)
% Load current window
win_current(N) = xn(i);
% Find median of window and output
yn(i) = median(win_current(alpha:(N-alpha+1)));
% Shift window

for j=1:(N-1)
win_current(j) = win_current(j+1);
end
en
figure; % Plot filtered result
plot(xn, ' , 'Linewidth’' ,2);
grid on;
xlabel(  'Signal Magnitude' );
ylabel(  'n" );
title(  'Median Filtered Signal );
hold;
plot(yn, -r' , 'Linewidth' 2);
legend( 'Original Signal , 'Filtered Signal' );

%%9%0%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
% Name: Median_Filt FMH_5.m

% Author:  Adam Bingaman

% Date: 1/20/10

% Purpose: Simulates FIR-Median Hybrid Filters

% Notes: NONE

%%9%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

% Set system parameters

%0%6%%% %% %% %% %

%0%6%%% %% %% %% %

xn =]; % Input signal

yn=1I;

N =41, %

M =5;

k_index_mid = (N+1)/2; % Lower half of window

if (mod((N-1),4) ==0)
k_inner = (N-1) / 4;
k_outer = (N-1) / 4;
elseif mod((N-1),2) ==
k_inner = (N-3) / 4;
k_outer = (N-3) / 4) + 1;
end
win_current = zeros(1,N);
H=1;
for i=1:length(xn)
% Load current window
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win_current(N) = xn(i);
% FMH filter process

H(1) = mean(win_current( (k_index_mid + k_inner +1):N));

H(2) = mean(win_current( (k_index_mid + 1) : (k _index_mid + k_inner)));
H(3) =1;

H(4) = mean(win_current( (k_outer + 1) : (k_out er + k_inner)));

H(5) = mean(win_current( 1 : k_outer));
% Find median of results

yn(i) = median(H(1:5));
% Shift window

for j=1:(N-1)
win_current(j) = win_current(j+1);
end
end
figure; % Plot filtered result
plot(xn, ' , 'Linewidth' ,2);
grid on;
xlabel(  'Signal Magnitude' );
ylabel( 'n" );
titte(  'FIR-Median Hybrid Filtered Signal with M = 5' );
hold;
plot(yn, -r' , 'Linewidth' 2);
legend( 'Original Signal , 'Filtered Signal' );

%%9%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
% Name: Median_Filt LUM_Smooth.m

% Author:  Adam Bingaman

% Date: 2/7/10

% Purpose: This project simulates FIR-Median H

% Notes: NONE

%%9%0%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

% Set system parameters

%0%6%%% %% %% %% %

%0%6%%%%% %% %% %

xn =]; % Input signal

yn=1J;

N = 75; % Number of elements in median window
elem_buffer = [];

k=2; % Sample index counter for samples

index_mid = (N+1)/2; % Lower half of window

dwin_current = zeros(1,N);
for i=llength(xn)
% Load current window
win_current(N) = xn(i);
elem_buffer(1) = win_current(index_mid - k);
elem_buffer(2) = win_current(index_mid);
elem_buffer(3) = win_current(index_mid+ k);
% Find median of window and output
yn(i) = median(elem_buffer);
% Shift window

for j=1:(N-1)
win_current(j) = win_current(j+1);
end
end
figure; % Plot filtered result
plot(xn, ' , 'Linewidth’' ,2);
grid on;
xlabel(  'Signal Magnitude' );
ylabel(  'n" );
titte(  'Smooth LUM Filtered Signal’ );
hold;
plot(yn, -r' , 'Linewidth' 2);
legend( 'Original Signal , 'Filtered Signal' );
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%069%0%%%0%6%6% %% %% %% %0%6 %% %% %% %% %% %0%0%0%0 %% %0 Yo Pt e e PSS PH5%0
% Name: Median_Filt.m

% Author:  Adam Bingaman

% Date: 7/7/109

% Purpose: This project simulates FIR-Median H ybrid Filters

% Notes: NONE

%%9%0%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

% Set system parameters

%0%%%% %% %% %% %

%0%%%%%% %% % %%

xn =]; % Input signal

yn =1 % Output signal

low_buffer = [J;

hi_buffer = [J;

N = 75; % Number of elements in median window
index_mid = (N+1)/2; % Lower half of window

% 1 <=k <=1|<=index_mid

k =5; % Spread from center

| =30; % Spread from end

win_current = zeros(1,N);
for i=l:length(xn)
% Load current window
win_current(N) = xn(i);

low_buffer(1) = win_current(index_mid-k);
low_buffer(2) = win_current(index_mid);
low_buffer(3) = win_current(l);
hi_buffer(1) = win_current(index_mid+k);
hi_buffer(2) = win_current(index_mid);
hi_buffer(3) = win_current(N-I+1);
x_low = median(low_buffer);
x_hi = median(hi_buffer);
if ((x_low +x_hi)/2) <=x_low
yn(i) = x_low;
else
yn(i) = x_hi;
end
% Shift window
for j=1:(N-1)
win_current(j) = win_current(j+1);
end
end
figure; % Plot filtered result
plot(xn, ' , 'Linewidth’' ,2);
grid on;
xlabel(  'Signal Magnitude' );
ylabel( 'n" );
title(  'LUM Hybrid Filtered Signal );
hold;
plot(yn, -r' , 'Linewidth’' 2);
legend( 'Original Signal , 'Filtered Signal' );

%069%0%%%0%6%6% %% %% %% %0%6 %% %6%6%0%0%6%6 %% %0%0 %% %% %0 Yo Pt e e P I PH5%0
% Name: FIR_Design

% Author:  Adam Bingaman

% Date: 4/21/10

% Purpose: This program implements window-base
%%%6%%%6%6% %% %% %%%% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

%%0%%% %% %% %%

%0%6%%% %% %% %% %

ff_hat = 0.25; % FRACTIONAL FREQUENCY OF BP HIGH SIDE CUTOFF
M =75; % Length of frequency responses
for k=1:M
hBPn(k) = 2*pi*ff_hat/(pi) * sinc(2*ff_hat*(k- (M-1)/2));
end
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% IMPLEMENT KAISER WINDOW FILTER DESIGN
hdn =1];

%win = kaiser(M,5.0);

%win = hanning(M);

%win = rectwin(M);

win = blackman(M);

hn = hBPn .* win";

hn =hn";

% Plot impulse response

figure;

plotthn,  'LineWidth' ,2);

title(  'Impulse Response of Blackman Window-Based GLP FIR Filter' );
xlabel( 'n" );

ylabel( ‘'Magnitude' );

grid on;

% Calculate frequency response of system

[filter_RESP(1,:),ff] = freqz(hn,1,2"16, ‘whole' ,1);
figure;

subplot(2,1,1);

plot(ff,20*log10(abs(filter_RESP)), ‘Linewidth  ,2);
title(  'Frequency Response of Blackman Window-Based FIR Fi lter' );
xlabel( 'Fractional Frequency' );

ylabel( ‘Magnitude (dB)' );

grid on;

subplot(2,1,2);

plot(ff,unwrap(angle(filter_RESP)), ‘LineWidth' ,2);
xlabel( 'Fractional Frequency' );

ylabel( 'Phase (Radians)' );

grid on;

figure;

plot(win, ‘LineWidth' 2);
xlabel( 'n" );

ylabel( ‘'Magnitude' );
titte(  'FIR Window' );

grid on;

%%9%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
% Name: CORDIC.m

% Author:  Adam Bingaman

% Date: 2/2/10

% Purpose: This project implements the CORDIC algorithm to calculate
% the sin and cosine of the provi ded angle theta.

% Notes: NONE

%%9%6%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

%0%6%%%%% %% %% %

%0%6%%% %% %% %% %

n =15; % Number of iterations, AKA number of bits of accur acy
theta = 84.65; % Angle in degrees -90 <=theta <= 90
d_theta = theta; % Initial rotation angle

theta_track = [l;
% Initial coordinates of theta on unit circle

Xx=1;

y=0;

% Plot vectors

x_conv =J; % Convergent values
y_conv =[J;

x_true =[J; % True values
y_true =[f;

for i=1n

x_true(i) = cos(theta * pi/180);
y_true(i) = sin(theta * pi/180);
end
% Create atan table
atan_table = [];
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for i=1n
atan_table(i) = atan(2”-(i-1)) * 180 /pi;
end
% Precompute gain
gain = 1;
for i=1n
gain = gain * (1/sqrt(1+2"°-(2*(i-1))));
end
X = X*gain;
% Compute sine and cosine of angle accordingly
for i=1n
% If last iteration resulted in angle LESS than des ired angle
if d_theta>0
% Rotate counterclockwise
xtemp =X -y * (2"-(i-1));
y=y+ (x*2"-(i-1));

X = xtemp;

x_conv(i) = x;

y_conv(i) = y;

d_theta = d_theta - atan_table(i);

% If last iteration resulted in angle MORE than des ired angle
else

% Rotate clockwise
xtemp =X +y * (27-(i-1));
y =y - (x*27(i-1));

X = xtemp;
x_conv(i) = x;
y_conv(i) = y;
d_theta = d_theta + atan_table(i);
end
end
% Plot convergence of both calculations
figure;
plot(x_conv, ', 'LineWidth' ,2);
hold;

plot(x_true, 'b' , 'LineWidth' ,2);

plot(y_conv, 'm' , 'LineWidth'  ,2);

plot(y_true, 'g' , 'Linewidth' ,2);

title(  'Convergence to Sine and Cosine Calculation’ );
xlabel( 'n" );

ylabel( 'Result’ );

legend( 'Cosine Converging CORDIC' , 'Cosine True Value' , 'Sine Converging CORDIC' , 'Sine
True Value' );
grid on;

%%%6%%%6%6% %% %% %%%% %% %% %% %% %% %% %% %% %% %%%6%6%%%%%%%%
% Name: Calibrate_Roll.m
% Author:  Adam Bingaman
% Date: 3/29/10
% Purpose: This project calibrates the roll an gle and then the deltaz
% component of the Y and Z readin gs of the magnetometer
% Notes:  None
%%%6%%%%6% %% %% %%%% %% %% %% %% %% %% %% %% %%
clear all ;close all ;
data= [J; % Data of non-calibrated system
%% % Incorporate roll calibration and calibrate delt aZ coefficient for Y %%%
calib_coeff = -1.00:0.01:1.00;
calib_data_deltaY =];
mean_dev_deltaY =];
for i=1:(length(calib_coeff))
for j=l:length(data(;,1))

%0%6%%%%% %% %% %

calib_data_deltaY(j,i) = data(j,2)*cos(data (,5)*pi/180) +
data(j,3)*sin(data(j,5)*pi/180) + calib_coeff(i)*(d ata(j,2)-data(1,2));
end
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end
% Calculate minimum error calibration
for i=1:(length(calib_coeff))

mean_dev_deltaY(i) = abs(mean(calib_data_deltaY ((1:50),i)) -
mean(calib_data_deltaY((length(calib_data_deltaY(:, 1)-
50):length(calib_data_deltaY(;,1))),i)));
end
% ldentify calibration coefficient that results in minimum drift

for i=1:(length(calib_coeff))
if ((mean_dev_deltaY(i) - min(mean_dev_deltaY)) == 0)
calib_coeff_deltaY = calib_coeff(i);
deltaY_index = i;
end
end
%% % Incorporate roll calibration and calibrate delt aZ coefficient for Y %%%
calib_coeff = -1.00:0.01:1.00;
calib_data_deltaZ = [J;
mean_dev_deltaZ = [J;
for i=1:(length(calib_coeff))
for j= l:ilength(data(:,1))

calib_data_deltaZ(j,i) = data(j,1)*sin(data (,4)*pi/180) -
data(j,2)*sin(data(j,5)*pi/180)*cos(data(j,4)*pi/18 0) +
data(j,3)*cos(data(j,4)*pi/180)*cos(data(j,5)*pi/18 0) + calib_coeff(i)*(data(j,2)-
data(1,2));

end

end
% Calculate minimum error calibration
for i=1:(length(calib_coeff))

mean_dev_deltaZ(i) = abs(mean(calib_data_deltaz ((1:50),i)) -
mean(calib_data_deltaZ((length(calib_data_deltaZ(:, 1)-
50):length(calib_data_deltaz(:,1))),i)));
end
% ldentify calibration coefficient that results in minimum drift

for i=1:(length(calib_coeff))
if ((mean_dev_deltaZ(i) - min(mean_dev_deltazZ)) == 0)
calib_coeff_deltaZ = calib_coeff(i);

deltaZ_index = i;
end
end
figure;
plot(data(;,1), 'Linewidth' 2);
hold;
plot(data(;,2), ", 'Linewidth' 2);
plot(data(:,3), 'g" , 'Linewidth' 2);
plot(data(;,1), 'c’ , 'Linewidth' 2);
plot(calib_data_deltaY(:,deltaY_index), 'm' , 'Linewidth’ ,2);
plot(calib_data_deltaZ(:,deltaZ_index), 'y' , 'Linewidth’ ,2);
grid on;
legend( 'Raw X-Axis Field' , 'Raw Y-Axis Field' , 'Raw Z-Axis Field' , 'Calibrated Compensated
X-Axis Field' , 'Calibrated Compensated Y-Axis Field' , 'Calibrated Compensated Z-Axis
Field" );

%%%6%%%%6% %% %% %%%% %% %% %% %% %% %% %% %% %%
% Name: Calibrate_Pitch.m

% Author:  Adam Bingaman

% Date: 3/29/10

% Purpose: This project calibrates the roll an gle and then the deltaz
% component of the Y and Z readin gs of the magnetometer
% Notes:  None

%%%6%%%%6% %% %% %%%% %% %% %% %% %% %% %% %% %%
clear all ;close all ;

data=[]; % Data of non-calibrated system

%% % Incorporate roll calibration and calibrate delt aZ coefficient for Y %%%
calib_coeff = -1.00:0.01:1.00;

O P I PSP IPPe57 960 %0 %0%0 %% % %0 %% %% %

A I I PP PeisPie0 %0 %0 %0 %0 %0 %% % %0 %% %
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calib_data_deltaX =[];

mean_dev_deltaX = [];

for i = 1:(length(calib_coeff))
for j=1:length(data(;,1))

calib_data_deltaX(j,i) = data(j,1)*cos(data (,4)*pi/180) +
data(j,2)*sin(data(j,5)*pi/180)*sin(data(j,4)*pi/18 0) -
data(j,3)*cos(data(j,5)*pi/180)*sin(data(j,4)*pi/18 0) + calib_coeff(i)*(data(j,1)-
data(1,1));

end
end

% Calculate minimum error calibration
for i = 1:(length(calib_coeff))

mean_dev_deltaX(i) = abs(mean(calib_data_deltaX ((1:50),i)) -
mean(calib_data_deltaX((length(calib_data_deltaX(:, 1)-
50):length(calib_data_deltaX(:,1))),i)));
end
% Identify calibration coefficient that results in minimum drift

for i = 1:(length(calib_coeff))
if ((mean_dev_deltaX(i) - min(mean_dev_deltaX)) == 0)
calib_coeff_deltaX = calib_coeff(i);
deltaX_index = i;
end
end
%%% Incorporate roll calibration and calibrate delt aZ coefficient for Y %%%
calib_coeff = -1.00:0.01:1.00;
calib_data_deltaZ = [];
mean_dev_deltaZ = [J;
for i= 1:(length(calib_coeff))
for j=1l:length(data(;,1))

calib_data_deltaZ(j,i) = data(j,1)*sin(data (,4)*pi/180) -
data(j,2)*sin(data(j,5)*pi/180)*cos(data(j,4)*pi/18 0) +
data(j,3)*cos(data(j,4)*pi/180)*cos(data(j,5)*pi/18 0) + calib_coeff(i)*(data(j,1)-
data(1,1));

end

end
% Calculate minimum error calibration
for i= 1:(length(calib_coeff))

mean_dev_deltaZ(i) = abs(mean(calib_data_deltaZ ((1:50),i)) -
mean(calib_data_deltaZ((length(calib_data_deltaZ(:, 1)-
50):length(calib_data_deltaz(:,1))),i)));
end
% Identify calibration coefficient that results in minimum drift

for i= 1:(length(calib_coeff))
if ((mean_dev_deltaZ(i) - min(mean_dev_deltaZ)) == 0)
calib_coeff_deltaZ = calib_coeff(i);

deltaZ_index =i;
end
end
figure;
plot(data(;,1), 'Linewidth' 2);
hold;
plot(data(;,2), ", 'Linewidth' 2);
plot(data(;,3), 'g" , 'Linewidth’ 2);
plot(calib_data_deltaX(:,deltaX_index), 'c'" , 'Linewidth' ,2);
plot(data(;,2), 'm' , 'Linewidth’ 2);
plot(calib_data_deltaZ(:,deltaZ_index), 'y, 'Linewidth' ,2);
grid on;
legend( 'Raw X-Axis Field' , 'Raw Y-Axis Field' , 'Raw Z-Axis Field' , 'Calibrated Compensated
X-Axis Field' , 'Calibrated Compensated Y-Axis Field' , 'Calibrated Compensated Z-Axis
Field" );
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Appendix C  C-Programming Software Code

—

Author : Adam Bingaman
Company : NanoSonic Inc.
Filename : dsPIC_Mag_Inc_2.5.c
Date : 4/2010

Purpose: This file interfaces the SCA61T inclinometeusputting two 12-bit
readings padded to 16-bits.

Versions: 2.2 Combined magnetometer and inclinometer atiqniaigorithms
2.3 Implemented calibration of delta components
2.4 Incorporate FIR and median filtering
2.5 Added floating point square root calculation of trig

* 0% ok ok X X kX X X kX F

#include <p30f5011.h>
#include <stdio.h>
#include <math.h>
#include <libpic30.h>
#include "timer.h"

#include "math.h"

#include "uart.h"

#include "AD7734_16bit.h"
#include "dsp.h"

#include "FIR_Filter.h"

_FOSC(CSW_FSCM_OFF & XT_PLL16); /I Set PLL
_FWDT(WDT_OFF);

_FBORPOR(PBOR_OFF & BORV_20 & PWRT_64 & MCLR_EN):;
_FGS(CODE_PROT_OFF);

#define XTFREQ 6144000 /I On-board Crystal frequency

#define PLLMODE 16 /I On-chip PLL setting

#define FCY XTFREQ*PLLMODE/4 /I Instruction Cycle Frequency

#define BAUDRATE 115200 /I Desired Baud Rate

#define BRGVAL ((FCY/BAUDRATE)/16)-1 /I Formula for U1BRG register

#define MILLISEC FCY/1000 /I'1 millisecond worth of instructions

1] HitHHH A PROGRAM CONTROL VARIABLES ##HHHEHHHHEHEH I
/] ----- General system control -----

long F_SAMP = 250; /I System sampling frequency

#define N25 /I Number of samples in tilt (median) and magnetic (Filiys
fractional pitch_angle_win[N]; /I Window N samples wide of tilt readings

fractional roll_angle_win[N]{/ Window N samples wide of tilt readings

/] ----- CORDIC -----

fractional roll_sin_cos[2] = {0x0000, 0x0000}; /I Sine and cosine values (respectfully) of roll angle

fractional pitch_sin_cos[2] = {0x0000, 0x0000}; /I Sine and cosine values (respectfully) of roll angle

extern const fractional atan_table[32]; /I Arctangent lookup table for CORDIC

/] ----- Magnetic vectors -----

fractional H_base_xyz[3] = {0x0000, 0x0000, 0x0000};// Baseline magnetic readings

fractional H_raw_xyz[6] = {0x0000, 0x0000, 0x0000, 0x0000, 0x0000, 0x0000}; / Raw magnetic readings [ X Y Z

delta_X delta_Y delta_Z]
fractional H_comp_xyz[3] = {0x0000, 0x0000, 0x0000};/ Compensated magnetic readings
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/] -—--- Calibration -----

float rho_XdX = -0.1700;

float rho_ZdX =-0.0500;

float rho_YdY = -0.1600;

float rho_ZdY =-0.0200;

/! [ 1 1 -1 rho_Xdko ZdX 0 ]

fractional x_rho[6] = {Ox7FFF, Ox7FFF, 0x8001, 0x0000, 0x0000, 0x0000};
/! [ O 1 1 tho_YdY 0]

fractional y_rho[6] = {0x0000, Ox7FFF, 0x7FFF, 0x0000, 0x0000, 0x0000};
/! [1 -1 1 rho_ZdKp_zdY, 0 ]

fractional z_rho[6] = {Ox7FFF, 0x8001, 0x7FFF, 0x0000, 0x0000, 0x0000};

I - FIR Filter -----

/I Align coefficients memory at end of Y memory - Y mamoccupies 0x1000 to Ox17FF

fractional _YDATA(0x0080) FIR_Delay X[FIR_FILTER_NCOEFFS];  // Align complex signal memory at endYfmemory
fractional _YDATA(0x0080) FIR_Delay Y[FIR_FILTER_NCOEFFS];  // Align complex signal memory at end of Y memory
fractional _YDATA(0x0080) FIR_Delay Z[FIR_FILTER_NCOEFFS]; /I Align complex signal memory at end of Y memory

/* Global Definitions */
extern const fractional FIR_Coeffs[FIR_FILTER_NCOEFFS*2] IR coefficients array in Program memory */
__attribute___ ((space(auto_psv), aligned (256)));

/* Extern definitions for the imported *.s files from d€PFilter Design */
extern FIRStruct FIR_PSV/*Contains filter structures for FIR-LPF*/

FIRStruct filter_X, filter_Y, filter_Z;

/] ----- Alpha - Trimmed Median Filter -----

#define median_N 25 /I Window length of median filter - odd number

#define alpha 3 /I Number of samples to trim from both "ends" of window
fractional vect_roll_bufffmedian_N-(2*alpha)];

fractional vect_pitch_bufffmedian_N-(2*alpha)];

fractional roll_filt, pitch_filt;

I - FMH Filter -----

/I #define FMH_N 73 /I Window length of FMH filter d@ number

/I unsigned int FMH_K_inner, FMH_index_mid, FMH_k_outer; /I Qikenternal and external buffers and middle index
/I fractional _XDATA(0x0080) FMH_coeffs_inner[(FMH_N-1)/2];  /* Figvefficients array in X memory */

/I fractional _XDATA(0x0080) FMH_coeffs_outer[(FMH_N-1)/2];  /* Fievefficients array in X memory */

/I fractional ang_x_win[FMH_N];
/I fractional ang_y win[FMH_N];
/I fractional vect_x_buff[FMH_N];
/I fractional vect_y_buff[FMH_N];

/] ----- LUM filter specifications -----

/I #define LUM_N 49 /I Window length of FLUM filterodd number

/I #define LUM_spread 5 /I Number of samples from ceritety™ smoother
/I fractional ang_x_win[LUM_N];

/I fractional ang_y win[LUM_N[;

IR R R R R R R R

void _HMC100X_Reset(void);

void _HMC100X_Set(void);

void _ADC_ Init(void);

void _Trans_Data_16bit(unsigned int data);
void _UART_ Init(void);

void _SPI_Init(void); /I Initialize SP1 module for communication
void _SPI_Data_Out(int data_out); /I Transmits integer through SPI
int _SPI_Data_In(void); /I Receives data in receive module

void _Timer32_Init(void);

void _Trig(fractional theta, fractional* sin_cos[]);

fractional _Vector_Median(fractional vector_in[], unsignednamSamps);
void _Vector_Shift(fractional vector_in[], unsigned int num®ajm
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fractional _Int2Fract(unsigned int data);

void _Tilt_Comp(fractional* field_rawf[], fractional* field_comp[fractional* pitch_ang[], fractional* roll_ang[]);

void _Tilt_Comp_Float(fractional* field_raw(], fractionalteid_comp[], fractional* pitch_ang][], fractional* roll_ang[]);
void _Filter_Define_X(void);

void _Filter_Define_Y(void);

void _Filter_Define_Z(void);

void _FMH_Init(void); /I Initialize FMH filter coefficients and sections
fractional _FMH_Filter(fractional vector_in[]); /I FMH filter function set up by _FMH_Init
fractional _LUM_Filter(fractional vector_in[], unsigned mimSamps); /I LUM smoother filter functions
int main()
{

fractional pitch_angle, roll_angle; /I Angle of inclination in degrees

fractional base_pitch, base_roll, in_pitch, in_roll; /I Angles of inclination BASELINE

fractional pitch_filt, roll_filt;
fractional temp;
fractional azimuth;

inti;
TRISB = 0x0003; /I ANO and AN1 inputs
TRISBbIts.TRISB10 = 0; /I Set as output

LATBDbits.LATB10 = 0;

TRISD = 0x0000;

TRISG = 0x0000;

LATG = 0x0000;

LATGbits.LATG12 =1; // Initial RESET condition for pulse generation
LATGbits.LATG13 =0; // Initial RESET condition for pulse generation

_Timer32_lInit(); /I Initialize timer
_UART_Init(); /I Initialize UART
_ADC_Init(); /I Initialize ADC for scanning
_SPL_Init(); /I Initialize SPI

/* FILTER OPERATIONS */
_Filter_Define_X();
_Filter_Define_Y();
_Filter_Define_Z();
FIRDelaylnit(&filter_X);
FIRDelaylnit(&filter_Y);
FIRDelaylnit(&filter_Z);

/I Initialize vectors

x_rho[3] = Float2Fract(rho_XdX);
x_rho[4] = Float2Fract(-rho_zdY);
y_rho[4] = Float2Fract(rho_YdY);
z_rho[3] = Float2Fract(rho_ZdX);
z_rho[4] = Float2Fract(rho_zZdY);

LATGDits.LATG14 = 1; /I Turn ON boost converter
__delay32(MILLISEC*250);

_HMC100X_Reset(); /I SET pulse for magnetic sensitivity
_HMC100X_Set(); /I RESET pulse for magnetic sensitivity
LATGDbits.LATG14 = 0; /I Turn OFF boost converter

__delay32(MILLISEC*250);

/I AD7734 initialization routines

_AD7734_Reset(); /I Reset AD7734 ADC to default
_AD7734_Init_Ch1(); /I Setup Channel 1
_AD7734_Init_Ch2(); /I Setup Channel 2
_AD7734_Init_Ch3(); /I Setup Channel 3
ADCON1bits.ADON = 1; /Il Turn on ADC

T2CONDbits. TON=1; // Turn on timer

/I Acquire initial offset voltage of inclinometers
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while(!_T3IF) /I Wait for T3 interrupt to flag

{

IFSObits. T3IF = 0; /I Clear interrupt flag after flag detection
ADCON1bits.ASAM = 1; /I Start sampling - Internal counter ENDS SAMPLING
while(!ADCON1bits.DONE){} /I Wait for conversion to complete

/I Acquire offset value of inclinometer

base_pitch = ~ADCBUF1+1;

base_roll = ~ADCBUF0+1;

/I Acquire baseline magnetic field for error calcwati
H_base_xyz[0] = _Int2Fract(_AD7734_Samp_Ch2());

H_base_xyz[1] = _Int2Fract(~_AD7734_Samp_Ch1()+1); /I Negated to match documented convention
H_base_xyz[2] = _Int2Fract(_AD7734_Samp_Ch3()); /I Negated to match documented convention
/I Real time system operation
while(1)
{
/I Timer trigger sampling of inclination
while(!_T3IF) /I Wait for T3 interrupt to flag
{
IFSObits. T3IF = 0; /I Clear interrupt flag after flag detection
ADCON1bits.ASAM = 1; /I Start sampling - Internal counter ENDS SAMPLING
while(!ADCON1bits.DONE){} /I Wait for conversion to complete

/I Acquire inclination in fractional format

pitch_angle_win[N-1] = ~ADCBUF1 + 1} Acquire x tilt reading - Negated to match documented cuive
roll_angle_win[N-1] = ~ADCBUFO + 1;// Acquire y tilt reading - Negated to match documented eaiion
/I Acquire X axis reading

temp = _Int2Fract(_AD7734_Samp_Ch2());

FIR(1,&H_raw_xyz[0],&temp,&filter_X);

/I Acquire Y axis reading

temp = _Int2Fract(~_AD7734_Samp_Ch1()+1);

FIR(1,&H_raw_xyz[1],&temp,&filter_Y);

/I Acquire Z axis reading

temp = _Int2Fract(_AD7734_Samp_Ch3());

FIR(1,&H_raw_xyz[2],&temp,&filter_Z);

H_raw_xyz[3] = H_raw_xyz[0] - H_base_xyz[0]; /I delta_X
H_raw_xyz[4] = H_raw_xyz[1] - H_base_xyz[1]; /] delta_Y
H_raw_xyz[5] = H_raw_xyz[2] - H_base_xyz[2]; /I delta_Z

/I Fill hold buffers with values for filtering
VectorCopy(median_N-(2*alpha), &vect_roll_buff[0], &roll_aegwin[alpha]);
VectorCopy(median_N-(2*alpha), &vect_pitch_buff[0], &pitch_Bngvin[alphal);

/I Filter angle values
roll_filt = _Vector_Median(vect_roll_buff, median_N-(2pda));
pitch_filt = _Vector_Median(vect_pitch_buff, median_N-(2*alpha)

/I Filter angle values
/I roll_filt = _FMH_Filter(vect_roll_buff);
/I pitch_filt = _FMH_Filter(vect_pitch_buff);

/I Filter angle values
/I roll_filt = _LUM_Filter(ang_roll_win, LUM_N);
/I pitch_filt = _LUM_Filter(ang_pitch_win, LUM_N);

/I Angle of tilt sensors in degrees
pitch_angle = (pitch_filt- base_pitch) << 1;
roll_angle = (roll_filt - base_roll) << 1;

/I Voltage reading of filtered inclination
/I Vin_pitch = (Fract2Float(pitch_filt - base_pitch))25; // Voltage reading
/I Vin_roll = (Fract2Float(roll_filt - base_roll))* 152 /I Voltage reading
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/I Angle of tilt sensors in degrees
/I pitch_angle_deg = asin(Vin_pitch) * 180.0/PI; // FLOAT
/I roll_angle_deg = asin(Vin_roll) * 180.0/PI; /I FLOAT

/I Calculate sine and cosine values
_Trig(pitch_angle, &pitch_sin_cos[0]);
_Trig(roll_angle, &roll_sin_cos[0]);

/I _CORDIC_16bit(pitch_angle_deg, pitch_sin_cos);
/I _CORDIC_16bit(roll_angle_deg, roll_sin_cos);

_Tilt_Comp_Cal(&H_raw_xyz[0], &H_comp_xyz[0], &pitch_sin_co§[&roll_sin_cos[0]);

/I temp = (Fract2Float(H_comp[1]) / Fract2Float(H_compj0]
/lazimuth = Float2Fract(temp0);

_Vector_Shift(pitch_angle_win, N-1); /I Delay angle buffer one sample
_Vector_Shift(roll_angle_win, N-1); /I Delay angle buffer one sample
}
while(1){}
return O;
}
/
Name: _Trig
Purpose: Calculate sine and cosine of given angle
Type: void

Inputs:  fractional theta : Angle to calculate trig
fractional[] : Result vector holding sine and cosnespectfully
Outputs: NONE
References: NONE
Notes:  Normalizes readings with sine multiplicaty 0.625
/
void _Trig(fractional theta, fractional* sin_cos[])

float temp_0, temp_1;

sin_cos[0] = VectorScale(1, &theta, &sin_cos[0], OX4FFF); /I Normalize to voltage level reading
temp_0 = Fract2Float(VectorPower(1, &sin_cos[0])); /I Square the sine component
temp_1 = sqrt(1.000 - temp_0); /I sqrt (1-sin?2(x))
sin_cos[1] = Float2Fract(temp_1);
}
/
Name: _Vector_Median
Purpose: Inject initial values in median filter windows& Y)
Type: fractional
Inputs: Vector to find median
Outputs: Median of vector
References: spi.h
dsPIC30F Family Reference Manual
Notes: # instruction cycles for VectorMax = 19+7(N-2)

/
fractional _Vector_Median(fractional vector_in[], unsignedhamSamps)

{
unsigned int k; /I Counter
fractional temp[65]; /I Value of 64 is maximum value that can be evaluated
unsigned int maxindex; /I Index of maximum vector value
unsigned int midindex; /I Middle index of vector

midindex = (humSamps - 1) / 2; /I Calculate middle index of vector
/I Sort vector
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for(k = 0 ; k < numSamps ; k++)

temp[k] = VectorMax(numSamps, &vector_in[0], &maxIndex);

vector_in[maxIindex] = 0x8001; /I Reduce to -1 for minimum ignorance

}

return temp[midindex];
}
/
Name: _Vector_Shift
Purpose: Time delays both X and Y axis tilt information
Type: void
Inputs: array to be shifted, number of elemts in array nones= numSamps
Outputs: NONE
Notes: N/A

/

void _Vector_Shift(fractional vector_in[], unsigned int num®am
{

VectorCopy(numSamps, &vector_in[0], &vector_in[1]);
}
/
Name: _Int2Fract
Purpose: Converts from unsigned integer to fractionaldofinl5
Type: void
Inputs: Data to be converted in unsigned int form
Outputs: Fractional representation
Notes: 0x0000 to OxFFFF unsigned int

to
0x8001 to Ox7FFF fractional

/
fractional _Int2Fract(unsigned int data)

if(data == OXFFFF)

data = Ox7FFF;
else

data += 0x8001;
return data;

}

/

Name: _Tilt_Comp_Cal

Purpose: Tilt-compensates with calibration coefficients

Type: void

Inputs: Pointers to magnetic vectors and angle vectors
Outputs: NONE

Notes:

/
void _Tilt_Comp_Cal(fractional* field_raw][], fractional* fié_comp[], fractional* pitch_ang([], fractional* roll_ang[])
{
/I Set up vectors for multiplication
fractional x_pitch[6] = {pitch_ang[1], pitch_ang|[0], pitch_ang[®7BFF, pitch_ang[0], OX7FFF};
fractional x_roll[6] = {OX7FFF, roll_ang[0], roll_ang[1], Ox7FFOx7FFF, OX7FFF};
fractional y_roll[6] = {OX7FFF, roll_ang[1], roll_ang[0], Ox7FFOx7FFF, OX7FFF};
fractional z_pitch[6] = {pitch_ang[0], pitch_ang[1], pitch_ang[@}7FFF, pitch_ang[1], OX7FFF};
fractional z_roll[6] = {OX7FFF, roll_ang[0], roll_ang[1], OX7FFOx7FFF, Ox7FFF};
/I Arithmetic buffer
fractional temp[6] = {0x0000, 0x0000, 0x0000, 0x0000, 0x0000, 0X0000};
/I Transform to horizontal axis
/] X-axis
VectorMultiply(6, &temp[0], &field_raw[0], &x_pitch[0]){/ X pitch
VectorMultiply(6, &temp[0], &emp[0], &x_roll[0]); /I X pitch
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field_comp[0] = VectorDotProduct(6, &temp[0], &x_rho[0]); /I Sum X, roll and pitch components

/] 'Y-axis

VectorMultiply(6, &temp[0], &field_raw[0], &y_roll[0]); /1Y roll

field_comp[1] = VectorDotProduct(6, &emp[0], &y_rho[0]); /I Sum Y, roll and pitch components
/I Z-axis

VectorMultiply(6, &temp[0], &field_raw[0], &z_pitch[0]){/ Z pitch

VectorMultiply(6, &temp[0], &emp[0], &z_roll[0]); /I Z pitch

field_comp[2] = VectorDotProduct(6, &emp[0], &z_rho[0]); /I Sum X, roll and pitch components
}

/I Define X-axis FIR filter
void _Filter_Define_X(void)

{
filter_X.numCoeffs = FIR_FILTER_NCOEFFS;
filter_X.coeffsBase = __builtin_psvoffset(&FIR_Coeffs[0]);
filter_X.coeffsEnd = __builtin_psvoffset(&FIR_Coeffs[0])#&IFILTER_NCOEFFS*2-1;
filter_X.coeffsPage = __builtin_psvpage(&FIR_Coeffs[0]);
filter_X.delayBase = &FIR_Delay_X]0];
filter_X.delayEnd = &FIR_Delay X[0]+FIR_FILTER_NCOEFFS-1;
filter_X.delay = &FIR_Delay_X[O];
I3

/IDefine Y-axis FIR filter
void _Filter_Define_Y(void)

{
filter_Y.numCoeffs = FIR_FILTER_NCOEFFS;
filter_Y.coeffsBase = __builtin_psvoffset(&FIR_Coeffs[0]);
filter_Y.coeffsEnd = __builtin_psvoffset(&FIR_Coeffs[0])4#&IFILTER_NCOEFFS*2-1;
filter_Y.coeffsPage = __ builtin_psvpage(&FIR_Coeffs[0]);
filter_Y.delayBase = &FIR_Delay_Y[0];
filter_Y.delayEnd = &FIR_Delay_Y[0]+FIR_FILTER_NCOEFFS-1;
filter_Y.delay = &FIR_Delay_Y[O];
2

/I Define Z-axis FIR filter
void _Filter_Define_Z(void)

{
filter_Z.numCoeffs = FIR_FILTER_NCOEFFS;
filter_Z.coeffsBase = __builtin_psvoffset(&FIR_Coeffs[0]);
filter_Z.coeffsEnd = __ builtin_psvoffset(&FIR_Coeffs[0])HEIFILTER_NCOEFFS*2-1;
filter_Z.coeffsPage = __builtin_psvpage(&FIR_Coeffs[0]);
filter_Z.delayBase = &FIR_Delay_Z[0];
filter_Z.delayEnd = &FIR_Delay_Z[0]+FIR_FILTER_NCOEFFS-1;
filter_Z.delay = &FIR_Delay_Z[0];

2

/

Name: _FMH_Init

Purpose: Initializes FHM filter coefficients and numbetapfs per FIR

Type: void

Inputs: NONE

Outputs: NONE

Notes: N/A

/

void _FMH_Init(void)

{ -
inti;
if( (FMH_N-1) % 4) ==0) /I All four FIR sections same length
{

FMH_index_mid = (FMH_N-1)/2; /I'N middle index
FMH_k_inner = FMH_index_mid / 2{/ Number of samples in inner FIR sections
FMH_k_outer = FMH_index_mid / 2{/ Number of samples in outer FIR sections

else if( (FMH_N-1) % 2) ==0) /I Else if inner and outer will be of different length
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FMH_index_mid = (FMH_N-1)/2; /I N middle index
FMH_k_inner = (FMH_index_mid - 1) / 2;  // Number of samples in inner FIR sections
FMH_k_outer = (FMH_index_mid + 1) / 2;  // Number of samples in outer FIR sections
}
for(i =0 ;i< FMH_k_inner ; i++)
FMH_coeffs_inner[i] = 0x7FFF / FMH_k_inner;
for(i =0 ;i < FMH_k_outer ; i++)
FMH_coeffs_outer][i] = Ox7FFF / FMH_k_outer;
}

/
Name: _FMH_Filter

Purpose: Implements FMH filter with M=5 and any sizealsiming odd) using DSP functions
Type: Fractional

Inputs: Input vector containing time samples of length N
Outputs: Output of FMH filter
Notes: See _FMH_Init for setup
/
fractional _FMH_Filter(fractional vector_in[])
{ -
inti;
fractional y_buff[5]; /I Buffer holding section results
fractional out; /I Return value of filter
/I Calculate mean of each section and store in buffer
y_buff[0] = VectorDotProduct(FMH_k_outer, &FMH_coeffs_out&rector_in[0]);
y_buff[1] = VectorDotProduct(FMH_k_inner, &FMH_coeffs_innery&tor_in[FMH_k_outer]);
y_buff[2] = 0x0000; /I Center delay perpetually expectedhmea
y_buff[3] = VectorDotProduct(FMH_k_inner, &FMH_coeffs_inneryeéetor_in[FMH_index_mid+1]);
y_buff[4] = VectorDotProduct(FMH_k_outer, &FMH_coeffs_out&wector_in[FMH_index_mid+FMH_k_inner+1]);
/I Calculate median of result
out = _Vector_Median(y_buff, 5);
return out;
}
/
Name: _LUM_Filter
Purpose: Implements FLUM filter with any size N (assunadd)
Type: Fractional
Inputs: Input vector containing time samples of length N
Outputs: Output of LUM filter
Notes: NONE
/
fractional _LUM_Filter(fractional vector_in[], unsigned imimSamps)
{ -
inti;
fractional y_buff[3]; /I Buffer holding section results
fractional out; /I Return value of filter
int LUM_midIindex = (numSamps - 1) / 2;
/I Calculate mean of each section and store in buffer
y_buff[0] = vector_in[LUM_midIndex - LUM_spread];
y_buff[1] = vector_in[LUM_midIndex];
y_buff[2] = vector_in[LUM_midIndex + LUM_spread];
/I Calculate median of result
out = _Vector_Median(y_buff, 3);
return out;
}
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