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ABSTRACT

Wireless capsule endoscopy (WCE) is a modern medical technology which enables doctors to view
and diagnose problems deep within the intestines. Ever since the first uncontrolled WCEs were introduced,
researchers have been searching for a way to control the motion of a robotic capsule through the intestines, a
task which requires a fusion of mechanical design, electrical hardware, accurate physical models, and software
control algorithms. An ongoing roadblock to achieving this goal is the inherent difficulty of merging
localization techniques with actuation techniques, as the two often interfere with one another. This research
presents a novel approach to merging localization and actuation which is capable of providing precise control
over up to six degrees of freedom. The novel contribution of this research centers on a new algorithm which

effectively combines previously successful actuation and localization techniques.
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1 INTRODUCTION
The research presented in this thesis is intended to address a very specific technical concern in the field of

magnetic levitation: the need to precisely know the location and orientation of a magnet which we would like
to levitate without having a direct visual line of sight to that magnet. This motivation for solving this particular
technical problem arises from the field of controlled wireless capsule endoscopy. In order to fully understand
the motivation for this work and the particular restrictions which have been adopted, it is important to first
understand the current state of wireless capsule endoscopy and the prior attempts which have been made to
solve this problem.

Endoscopy and colonoscopy are important medical procedures which allow a doctor to directly view the
inside of a patient’s digestive tract and are frequently used to diagnose a variety of medical conditions,
including colon cancer and ulcers [1]. Traditionally, this is accomplished by inserting a flexible fiber-optic
endoscope into the patient’s intestine, with various techniques for controlling the movement of the endoscope
to traverse the digestive tract [2]-[7]. Wired endoscopes have several significant drawbacks. The endoscope
must be inserted into the patient from the outside, typically through the anus in order to view the inside of the
lower intestines, and sometimes through the throat in order to view the esophagus. The procedure is
notoriously uncomfortable and unpleasant for the patient, and patient discomfort caused by wired capsule
endoscopy is a significant limiting factor in the duration of an endoscopy and the depth of insertion of the
endoscope, and may even discourage patients from seeking endoscopy for the sake of early-detection of colon
cancer [1], [8]-[10]. Furthermore, wired endoscopes can only reach a section of the intestines, limited by the
length of the endoscope and the volume of endoscope that the patient can accommodate within their intestines.

In response to these drawbacks, Wireless Capsule Endoscopes (WCE) have been approved for use by the
FDA and have been made commercially available within the last few decades [1], [8]-[11]. Commercially

available wireless endoscope capsules such as the PillCam, shown in Figure 1-1, are uncontrolled, moving

PillCam® Capsule \

PillCam™ Capsule

Ambulatory capsule ingestion
Figure 1-1: The PillCam Wireless Capsule Endoscope [12]
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through the digestive tract via peristalsis while recording images, video, or other sensor data to aid medical
professionals in patient diagnosis [12], [13]. While the lack of control greatly simplifies the design of the
endoscope capsule, it also results in unpredictable movement through the GI tract, resulting in incomplete
evaluations roughly 20 percent of the time [14]. Such capsules have the further drawback that they cannot be
controlled and therefore cannot be directed to focus on areas of interest, and they cannot be used for any active
medical procedure such as drug delivery or cyst removal, which may be possible with a controlled capsule.
Preliminary in-vivo feasibility trials of controlled wireless endoscope capsules have already been performed
and capsule navigation and control remain active areas of research [15]-[18].

2 PRIOR WORKS

Ultimately, it would be beneficial to have a completely controlled endoscopic capsule, one which a
doctor or medical professional could steer through the intestines like a small vehicle: stopping, moving
forwards and backwards, and turning under the control of a human driver. If such a device could be built, it
would greatly alleviate the need for uncomfortable traditional endoscopies as well as greatly reducing the risk
of incomplete evaluation inherent to uncontrolled wireless capsule endoscopy. For the past two decades,
researchers have tried numerous techniques for achieving this goal, with varying degrees of success. An

overview of previous attempts and techniques is provided in this section.

2.1 CONTROL OF THE WIRELESS ENDOSCOPE CAPSULE

2.1.1 MAGNETIC ACTUATION

By placing a permanent magnet within the wireless endoscopic capsule, the position and orientation of
the capsule can be roughly controlled with a simple hand-held wand containing a strong permanent magnet or
electromagnet. By manually positioning the wand outside of the patient, the endoscope can be pulled into new
orientations or positions inside the patient's Gl tract [19]. In this technique, a patient swallows a WCE which
transmits images in real-time at a short regular intervals, generally multiple images per second to produce a

slow but real-time video stream. Once the WCE is inside the patient, a medical professional holding the wand

D
L]
b |mr°
Figure 2-1: MiroCam Navi HBC (Human Body Controller). By manually positioning this device, the WCE

can be communicated with and manipulated in real-time. [22]
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containing the external magnet moves the wand outside of the patient’s body, using the video stream as
feedback about the movement of the WCE. By this method, the movement of the WCE can be roughly
controlled. The safety and efficacy of this technique was demonstrated in the esophagus by [19], [20], though
with the limitation that the capsule could not be moved up the esophagus due to insufficient magnetic force
resisting peristalsis. However, the forces were sufficient to slow the capsule and prolong the transit time
through the esophagus, as well as to rotate and reorient the capsule to capture different angles while in transit.
More recently, the MiroCam Navi (Figure 2-1) is an example of a commercially available system which
operates on the same principle and has recently been proven effective in trials by [21], [22].

Though effective, this technique is clearly quite imprecise, relying on a human operator moving an
external magnet by hand based on intuition and limited visual feedback from the WCE camera. To address this
concern, one possibility is to place the external magnet on a robotic arm and precisely control the motion of
that arm to lend a degree of precision to the procedure. Systems utilizing a robotic arm to automatically
position the external magnet are described in [23]-[25]. The robotic arm might contain a permanent magnet, as
in [23], or might contain an electromagnet which can vary the magnetic forces applied by varying the current
to the electro magnet, as presented in [25]. Such systems can even integrate localization algorithms based on
measuring the forces generated between the external and internal magnets, as demonstrated in [24]. However,
there are several drawbacks to this system as well. The external magnet can only apply forces to the capsule
along a single force vector, the line between the capsule and the external magnet. Precise control is only
available along this line of force, while moving the capsule in other directions requires slowly dragging the

' ROBOTIC ARM capsule, causing it to follow the leading external
magnet. A bulky robotic arm is required,
dominating the working space above the patient
and limiting the movements of any medical
professionals in the area, as well as potentially
introducing safety concerns with regards to
ensuring that the robotic arm does not impact the
patient during one of its motions. Since control can

only be exerted along a single line of force,

PERMANENT MAGNET reorienting the capsule may require large motions
Figure 2-2: A robotic arm used to control the motion of  of the robotic arm. While these systems have been
a WCE [23]

demonstrated to work effectively, there are enough

drawbacks associated with their use to motivate a search for a superior method of control.



2.1.2  MECHANICAL ACTUATION

An alternative locomotion system which has been extensively researched relies on a small capsule
with a helical ridge. The capsule has one or more permanent magnets embedded in its structure. Once the
WOCE is inside the patient, the patient is exposed to an external rotating magnetic field, causing the capsule to
spin. The rotating motion of the helical ridge causes a screw-force lateral motion which can move the capsule
forward and backwards through the intestine [26]-[34]. A helical-ridge capsule is shown in Figure 2-3. Other
endoscopic capsules make use of leg-like [35] or tail-like [36], [37] appendages to move through the intestines,
as shown in Figure 2-4. Both legged capsules and spinning helical ridge capsules suffer from two primary
drawbacks:

1) Their motion relies on maintaining traction with the intestine wall, and if traction is lost it is no
longer possible to control the motion of the capsule. This can be a particular problem around
bends and curves [14].

2) They can only be moved along a single degree of freedom, forward and backwards through the
intestines. There is no ability to turn or change orientation, which is a major drawback in

comparison to the magnetic actuation techniques which have already been discussed.

Figure 2-3: A WCE with a helical ridge [32]

Figure 2-4: A WCE with leg-like appendages for
locomotion [35]

2.1.3  MAGNETIC LEVITATION

Magnetic levitation has been extensively studied for non-medical purposes, including industrial
applications, most notably magnetic bearings [38]-[40], haptic interfaces [41]-[44], transportation and various
uses in other fields [39]. Several recent studies explore the possibility of controlling a wireless endoscope
through the use of magnetic levitation [45], [46]. The benefit of magnetic levitation over other forms of

actuation is that magnetic levitation allows the endoscope to be precisely controlled in five or even six degrees
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of freedom with a high degree of precision and does not require the use of a bulky, moving robotic arm which
may interfere with the movements of medical professionals in the room while the controlled endoscopic
procedure is taking place [46]-[48].

A magnetic levitation system intended for use with a wireless endoscope is presented in [45]. This
system is comprised of a single electromagnet coil. The current through this coil is varied, resulting in varying
magnetic force, which is used to exert forces over a permanent magnet affixed to an endoscopic capsule. This
system has two significant limitations: it can control only a single dimension of travel, in this case the vertical
position of the capsule, and it relies on visual localization which would not be possible if the capsule were
inside the body of a patient.

The OctoMag system, shown in Figure 2-5, is a magnetic levitation system intended for
“micromanipulation” of a small capsule within the human eye [46], [49]. This system can achieve impressive
precision, achieving positional accuracy with maximum position errors as small as 29.77um. The OctoMag is
intended to drive a very small microrobot only 500um long and within a workspace defined by a 25mm
diameter sphere. The OctoMag uses
visual localization for its feedback
control, since the microrobot is visible
from the outside while operating on the
human eye. A similar microrobot
control system is presented in [50].
The OctoMag team also postulates that
it should be possible to operate the
OctoMag with somewhat reduced

precision even with no feedback

control at all, and present experiments

Figure 2-5: The OctoMag System [46]

to support this conclusion in [46].
Although the accuracy of the system is impressive, the OctoMag’s applicability to the field of wireless
endoscopy is limited by its extremely constrained working space and the extremely small microrobots which it
is designed to control. Furthermore, closed loop control is achieved in this system through the use of a visual
motion-tracking camera, which is possible since the controlled capsule is visible through the pupil of the eye
being operated on. A capsule inside the human intestines would not be visible to a motion tracking camera,
thus necessitating a new means of localization.

A 6 degree of freedom magnetic levitation system comprised of numerous electromagnetic coils is
described in [41], [47], [48], [51], [52]. This system relies on a the Northern Digital Inc Optotrak® visual
tracking system [53], [54] to provide 6-degree-of-freedom localization data to the magnetic levitation
algorithm and relies on a high update rate of over 800hz and is accurate up to 0.01 mm. This system has not
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previously been applied to wireless capsule endoscopy. A system utilizing an MRI to guide a permanent
magnet through the human stomach is presented in [55]. Other approaches to wireless endoscope control are
presented in [56].

Each of these systems can generate magnetic forces on a small permanent magnet, achieving varying
degrees of locomotion, control, and levitation. However, they all share a fundamental weakness in terms of
their applicability to wireless endoscopy: none of these systems can accurately determine the position and
orientation of the magnet without a visual line of sight. In the field of capsule endoscopy, visual line of sight is
unavailable when the capsule is within a patient’s intestines. Localization is the process of determining the
magnet’s location and orientation, which is necessary for feedback control, and is beneficial for diagnosis even
when feedback control is not used [57]. If the ultimate goal of a fully controllable WCE is to be achieved, an

effective means of localization must be found which does not rely on visual line-of-sight to the capsule.

2.2 MAGNETIC LOCALIZATION
Commercially available tools including the ScopeGuide by Olympus® [58] have been used to localize

and visualize the positioning of a colonoscope used during colonoscopy through a technique known as

Magnetic Endoscope Imaging (MEI) [59]. Olympus describes the ScopeGuide as:

“The world’s only technology providing a real-time 3D representation of the shape and position of the

colonoscope inside the body” [58]

While not strictly necessary for colonoscopy, Shah et al. [60] found that magnetic imaging systems for
colonoscopes significantly improved the performance of both trainees and experienced endoscopists, and was
particularly helpful for less experienced trainees. Shah et al. consider this system to be a valuable training tool,
enabling quicker training of new colonoscope operators and facilitating discussion between trainee and trainer
[61]. However, MEI does not alleviate the need for a bulky colonoscope hose nor does it fundamentally
address the physical limitations of wired endoscopy previously discussed. To traverse the less accessible
portions of the Gl tract, a wireless endoscopic capsule is required.

A wide variety of localization techniques for a wireless endoscopic capsule are summarized in [10]. In
addition to the localization techniques that have already been discussed, [10] also covers radio-frequency
localization techniques including RFID [57], [62]-[64] and RSSI [65], [66] which both suffer from low
accuracy when applied to wireless capsule endoscopy due to the fact that different human tissues absorb radio
waves at different rates, as described in [67]. In addition to radio-frequency localization, [10] also discusses X-
Ray localization [68], [69], which suffers from unacceptably slow update rates making it unsuitable for use
with a real-time control system, as well as various other techniques which have been attempted with limited
success. Other methods of magnet localization include measuring the resultant forces between a permanent

magnet within an endoscope capsule and external permanent magnets affixed to force sensors [70], using an
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ultrasound sensor to detect an internal magnet [71]. Another method is to equip the capsule with a tri-axial
sensor capable of detecting the field generated by an external permanent magnet, and using this reading to
localize the capsule [72].

The commercially available Aurora localization system from Northern Digital is capable of sub-
millimeter accuracy and performs its localization by placing a sensing coil on a device intended for internal
medical use [73]-[75]. An external magnetic field is applied from outside the patient’s body, which induces a
current in the sensor coil, and from the induced current and known external field, the position and orientation
of the internal sensor can be computed. The commercially available microBIRD system operates on similar
principles [74], [76].

The GaussSense board, shown in Figure 2-6, is a commercially available array of Hall-effect sensors
and associated circuitry and software which is capable of localizing a small magnet to a position accuracy of
within 1 mm and an orientation accuracy of within 1 degree [77]. This system is sold as the GaussBits kit
intended as a novel interface for app development; by placing an array of sensor behind the screen of a mobile
device such as a smartphone or tablet, developers can write apps using the GaussBits API that enable the users
of those apps to interact with the software via physical objects with embedded magnets. The user places and
moves these physical objects and toys around the screen of the mobile device, and the software reacts to the
magnetic localization of the GaussSense for various games and effects [42], [78]-[80]. In my own
experiments, | found that the GaussSense board could localize a magnet accurately for certain orientations of
the magnet, but struggled with rotational accuracy if the magnet was placed with the North or South side of the
magnet within roughly 20 degrees of parallel to the plane of the GaussSense board. The most accurate readings
could be obtained when the magnet was placed such that both the North and South ends of the magnet were
clearly visible to the Hall sensors [42].

| created a simple computer
game utilizing the GaussSense board
as an input device, enabling the user to
move a virtual paddle around a
computer screen by physically
positioning a simple stylus with a
magnetic tip. The game implemented
simple 2-Dimensional collision
physics to causes a simulated ball to

bounce around a virtual 2-D

environment in response to the motion

Figure 2-6: The GaussSense Board, an array of hall sensors [77]

of the paddle. This game was
integrated with a two-coil electromagnetic actuator, allowing the user to feel the force of the impact of the
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virtual paddle to the virtual environment and the virtual bouncing ball. However, once the magnetic actuation
was turned on, the GaussSense could no longer accurately determine the location of the stylus, due to the
magnetic field created by the electromagnet interfering with the GaussSense’s localization algorithm, which
was not designed to filter out the interference. This work is presented in [42]. The inability to properly localize
the magnet using magnetic flux sensors while in the presence of magnetic fields produced by electromagnetic
actuation systems is the major obstacle in combining magnetic localization and actuation for all similar
systems and is the major theme of this research.

One successful method of magnet localization is to use an array of sensors to detect the magnetic field
generated by a single magnetic dipole, such as a cylindrical magnet, and to use an error-minimization
algorithm to estimate the position and orientation of the magnet generating the sensed magnetic field [81]. Hu
et al. present an implementation of a similar technique for the localization of a single bar or cylindrical magnet
using an array of digital compasses [82]-[85]. Techniques are presented in [82], [83] which can produce 5-
degree-of-freedom localization for a symmetrical cylindrical magnet accurate to within approximately 2 mm
using a non-linear algorithm. A similar technique is presented in [84], in which an asymmetrical bar magnet to
achieve a full six degrees of freedom. Although the localization speeds presented in [82]-[84] are low, on the
order of 10hz, | will demonstrate later in this thesis that significantly faster speeds are possible with this
technique. Concern that the algorithms in [82]-[84] are not suitable for integration with a magnetic control
system is expressed in [10], [24]. As | will show in this thesis, considerable expansion of the algorithms
presented in [82]-[84] is necessary before they can be integrated with a magnetic control system, but such an
integration is possible.

Each of the systems presented in this section can localize a magnet with varying degrees of accuracy.
However, the techniques thus far presented for localization and actuation have been developed independently
of one another, and in general are incompatible with one another. Applying a magnetic field for actuation
changes the magnetic flux density which can be detected by magnetic flux density sensors, and therefore
disrupts these localization techniques. If a controlled, wireless, magnetic endoscope is to be achieved,

magnetic actuation and localization must be seamlessly combined.

2.3 COMBINED LOCALIZATION AND ACTUATION
A patent for the localization of a screw-motion capsule is presented in [26]. This technique solves the

problem of interference between the actuation and localization fields by relying on high and low-frequency
magnetic signals. The capsule is turned by a low-frequency alternating magnetic field (less than 10 Hz) and
localization is accomplished using a small coil within the capsule that detects changes as the capsule moves
through a high-frequency alternating magnetic field (1khz-1Mhz). Because the low-frequency and high

frequency alternating magnetic fields do not interfere with each other’s signals, localization and actuation can



be achieved simultaneously. The limitation of this technique, however, is that the WCE relies on a helical ridge
to propel itself forward through screw-motion forces with the side of the intestines, resulting in only a single
degree of freedom, the ability to move back and forth, but not to turn or move laterally. The forces produced
by this technique are also dependent on a good connection between the helical ridge and the intestine wall, so
control may be lost during the motion of the WCE if this connection is compromised for any reason.

The magnetic capsule controlled by an external magnet moved by a robotic arm presented in [23]
included a localization technique that was found to be accurate to within roughly 3cm. A more complex
localization algorithm relying on a fusion of magnetic field sensing and an inertial measurement unit presented
in [24] was able to achieve a positional accuracy within 6.9 mm and orientation accuracy within 7.6 degrees
when following a pre-set trajectory at a refresh rate of up to 140hz. However, this system is inconvenient in
that it requires the use of a bulky robotic arm which interferes with the workspace of human medical staff and

in that the motions of the wireless capsule endoscope are limited by the motion capabilities of this arm.

2.4 NOVEL CONTRIBUTIONS
Ultimately, discovering an effective means of combining magnetic localization and magnetic

levitation is an open research question with no definitive solution. In fact, [10] even states that:

“...the question of how to remove the interference between magnetic localization and magnetic

actuation is still to be answered.” [10], pp.4
None of the prior work in this area has achieved a combined magnetic localization and actuation that:

1) Combines localization and actuation for a wireless capsule endoscope within the human body.
2) Provides precise control over at least 5 degrees of freedom.

3) Does not require a visual line of sight, which is unavailable for any capsule within the human body.

The system presented in this thesis satisfies all three of these requirements. The novel contributions of this

research are:

1) Investigates the possibility of a combined magnetic localization and levitation system utilizing an
array of electromagnetic coils [47], [48] and an array of 3-dimensional digital compasses [82], [83]

combined via a novel algorithm to achieve simultaneous levitation and localization. This technique
enables a magnet to be controlled wirelessly and precisely in 5 or 6 degrees of freedom without the

need for a visual line-of-sight to the magnet, a previously unprecedented result.



2)

3)

4)

Robot
that a small capsule equipped with a permanent magnet can be controlled in at least 5 degrees of freedom

Demonstrates simulated results showing that fusion of these two techniques is possible in principle
and demonstrating the efficacy of the algorithm itself.

Presents experimental results in the combination of magnetic localization and magnetic levitation
along with recommendations for how these results could be improved upon in future work.
Demonstrates that the localization algorithms previously presented in [82]-[85] can be run in real-
time, at speeds hundreds of times faster than has previously been reported, without sacrificing the

accuracy of the localization algorithm.

3 SYSTEM DESIGN

MOTIVATION
A novel system for combined levitation and localization has been designed and built in the Human

Interaction Laboratory (HRIL) at UH Manoa [86]. The motivation for this project was to demonstrate

without the need for a visual line of sight. This achievement has clear applications to the field of wireless
capsule endoscopy, where a swallowed wireless endoscope capsule cannot be tracked by a camera or visual
motion-tracking system. As previously discussed, previous methods of localization without line-of-sight
provide fewer degrees of freedom and require bulky and expensive robotic arms which interfere with the

clinical workspace. The newly designed system presented in this thesis has neither of these drawbacks.

SYSTEM ARCHITECTURE
The new system is composed of four main components:

1. The maglev, which provides magnetic levitation and actuation. The maglev consists of an array of
electromagnet coils, power supplies, and current amplifiers which interface with a PC to precisely
control the current to each coil

2. The sensor array, which provides magnetic localization without the need for a visual line of sight.
In addition to the sensor array hardware, a simulated version of the array which runs purely in

software was also created and used in several experiments.

3. The Optotrak motion tracking system [53], [54], which provides precise visual localization used for

validation of the new localization algorithms. The localization algorithms themselves do not rely on

data from the Optotrak, which is only used for experiment validation. An annotated photograph of
the maglev, sensor array, and Optotrak is provided in Figure 3-1.

4. The software, running on an Ubuntu desktop PC [87] which runs the algorithms required for
localization and levitation as well as containing functions for various tests and procedures, and a
graphical user interface (GUI) which displays the state of the maglev, sensor array, and localization

data from both the Optotrak and the sensor array. A system architecture diagram is provided in
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Figure 3-2, and the software design is described more fully in section 3.8. An example of the output
from the GUI is provided in Figure 3-14.

Each of these components will be explored in greater detail throughout this chapter.

el ||
‘}ﬂ User Interface  [uafi [RS.
PR e -

- -

Vo N Maglev Coils
h ¥ 7

_— N\
Sensor Array [ ‘
(Beneath Coils) |g P

- — ;

- e

Maglev Current Amplifiers

Figure 3-1: Systm Design Photo
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3.3 COMPUTER SPECIFICATIONS
Every component of this system interfaces with a desktop computer tower with the following

specifications:

Operating
Ubuntu 14.04 LTS (Low latency) [87]
System
Processor Intel® Core™ i7-2600 CPU @ 3.40GHz x 8 [88, p. 7]
RAM 7.7GiB
Graphics Gallium 0.4 on NVCO [89]
PCI Board United Electronic Industries PD2-A0-32-16 [90]

Table 3-1: Computer Specifications

Unless otherwise specified, this computer, located in the HRIL, was used to run the software for every

simulation and the control software for every physical experiment presented in this thesis.

3.4 MAGLEV
The maglev system has been previously demonstrated in other experiments performed within the HRIL

and has been shown to be capable of sub-millimeter precision when paired with the Optotrak motion sensor
[42], [47], [51], [52]. In its present configuration, the maglev consists of 27 electromagnet coils controlled by
individual current amplifiers.

3.4.1 CoiL DESIGN

As described in [48], electromagnet coils within this system are built around hollow copper spools
with an inner diameter of 12.5 mm, an outer diameter of 25 mm, and a height of 27 mm. The copper core
provides for rapid heat dissipation, and the absence of an iron core simplifies the equations which govern the

relationship between current provided and magnetic flux produced. Each spool is wound by hand with 1000

Finished

Electromagnet
Coll

Figure 3-3: Electromagnet Coil and Spool
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windings of copper wire with an insulating coating, as shown in Figure 3-3. The final resistance of the
completed coil is approximately 8 Q. Overheating may cause the insulated coating to melt, leading to a short in
the coil and requiring a new coil to be wound. To extend the life of the coils and avoid the tedious process of
winding new coils, we have taken to wrapping the spool base in insulating tape to prevent shorts at the edges
of the spool and to somewhat soften the same edges, which have been found to be points where particular
strain is put on the thin wire and shorts are likely to occur. Thus far, no coils wrapped in insulating tape have
experienced shorts, so | recommend this practice to future researchers seeking to replicate this work using
similar materials.

3.4.2 Coi Lavout

The maglev consists of 27 individual coils laid out in a hexagonal pattern comprised of 6 rows
containing between 3 and 6 coils per row. The center-to-center distance between any two adjacent coils is 35
mm. Adjacent rows are offset from one another laterally by a distance of 17.5 mm, resulting in an alternating
pattern of coils as shown in Figure 3-4.

Figure 3-4: Maglev Coil Layout

Each coil is individually controlled by a Copley Controls [91] pulse-width modulation current
amplifier. The amplifiers interface with the PC via a PCI board and thus the currents output to each coil can be

independently controlled by the control software within a range of +/- 4 Amps.

3.4.3  THEORY OF OPERATION
The electromagnet coils described above will produce a magnetic field proportional to the current which

is run through the coil. Thus, it is possible to exert an exact force and torque on a magnet positioned near the
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coils by running precisely calculated currents through each of the coils. Through previous work presented in
[48], [92], it was found that an accurate estimation of the forces generated by a single coil on a given magnet
could be modelled numerically using the Mathematica [93] software with the Radia [94] software package,
which was developed for the design of static magnet assemblies. By calculating the possible forces and torques
generated at 1A current for different orientations and positions of the magnet relative to a coil, interpolation
can be used to calculate a very accurate estimate of force and torque for any given position and orientation of
the magnet. Furthermore, since the forces produced by the coils are proportional to the applied current, an
accurate estimate of forces generated can be obtained for any possible level of current application within the
operating range of the coils.
Given an array of N coils, [47], [92] present the equation for the forces and torques applied to a magnet

positioned over the maglev as:

F=Axl (3-1)

where F is a 6x1 force/torque vector, A is a 6x/ transformation matrix, and / is the Nx1 vector

containing the currents applied to each coil, as shown in equation 3.2 [47], [92].

(F | [ape(ri,2,600,6,41) - ap(ry, 20y, 6,08)] [ 1]

Fy apy(r1, 2,01, 0,11) agpy(rn, 2,08, 0,0N) | | L2

F. ag:(r1, 2,61, 0,%1) af:(rn. 2,08, 6, 0n) | | I3

T.| = |an(re, 2,01, 6,91 aurn 2,00 60w | | I (3-2)
T, ry(T1, 2,01, 8, ¢1) gy (TN, 2, 0N, O, UN)

I ai(ry,2,601,0,01) - an(ry, 2,08, 0,%8) | | Iy

Fx, Fy, and F are the forces felt by the
magnet in the x, y, and z axes and Ty, Ty, and
T are the torques in the Ry, Ry, and R;
directions as shown in Figure 3-5. In matrix
A, z is the vertical distance between the
magnet and the top of the coil array. r; is the
planar distance between the vertical axes of

the magnet and the /" coil. 6; is the angle

made between the line from the magnet to the

Figure 3-5: Maglev force and torque reference axes [90]
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i coil and the horizontal plane. ¢ represents the tilt of the magnet. (; represents the horizontal angle of the
line between the magnet and the /" coil [92].

A single radially symmetrical magnet, in this case a cylindrical magnet, can be controlled by this system
with five degrees of freedom since the radial symmetry of the magnet prevents control over the magnet’s yaw
angle. As the maglev contains 27 separate, individually controlled inputs to this 5-DOF system, the system as a
whole is over-actuated and there are potentially infinite solutions for appropriate coil currents which will
satisfy equation 3-2. The control software for the maglev thus finds the minimum pseudoinverse function using
the dgels function provided by the LAPACK linear algebra library [95], [96]. This numerical method finds the
minimum current vector which will satisfy equation 3-2, and this set of currents will be sent to the current
amplifiers for each coil. When this is done at speeds of 800 Hz with closed-loop PD feedback control on the
position and orientation of the magnet, stable levitation is possible and has been presented in [47], [48], [51].
However, equation 3-2 and by extension the levitation control algorithm as a whole requires an accurate
reckoning of the magnet’s position and orientation in order to determine the necessary forces and torques
required to move the magnet to the desired position or hold it in its current position. Previously, this has been
done using the Optotrak motion tracking system [53], [54].

3.5 OPTOTRAK
In previous research performed using this maglev system, the Optotrak motion tracking system has been

used to track the position and orientation of the magnet or multi-magnet structures being levitated [47], [48],

3 5 | Strober (controls timing of Emitters
£ emitters infrared pulses)

Figure 3-6: Cylindrical magnet affixed to three Optotrak infrared emitters
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[51], [92]. The Optotrak is a visual position and orientation tracking system that precisely tracks the motion of
small infrared emitters, which emit pulses of infrared light that enable an update rate of over 800 Hz when
used with three emitters, the minimum number required for 5- or 6-DOF tracking information. Figure 3-6
shows a cylindrical magnet affixed to three Optotrak infrared emitters.

The Optotrak has been shown to be accurate to within 0.01 mm and operates at an update rate sufficient
for controlled levitation, over 800 Hz as shown in [92]. However, as a visual tracking system the Optotrak
relies on having a direct line of sight to each emitter in order to operate correctly. If the visual line of sight
between the Optotrak and even one of the three emitters is blocked, for example by a human hand placed
above the emitters, the Optotrak is no longer able to estimate the position or orientation of the magnet. Thus,
this approach is not applicable to the domain of wireless endoscopy, as a WCE inside a patient’s digestive tract
would be invisible to any visual tracking system. However, the Optotrak’s proven track record of accuracy
when used with this maglev system makes it a natural choice for use in validation. In several of the
experiments presented in section 4, the Optotrak estimation was treated as an objectively correct measurement
of the magnet’s position and orientation for comparison with the localization estimates generated by the
magnetic flux density sensor array. The Optotrak was used in a similar capacity for calibration of the sensor

array, as will be described in section 4.2.1.

3.6 MAGNETIC FLUX SENSOR ARRAY
The maglev setup used in the HRIL has previously used a visual tracking system, the Optotrak, as has

previously been established. However, in order to perform experiments combining magnetic localization with
magnetic levitation, a magnetic sensor array was required. This board had to be designed and built before any

experiments with magnetic localization could be performed.

3.6.1 SENSOR ARRAY FINAL DESIGN

The final design for the sensor array which was eventually built and used in experiments in the HRIL
was based on the sensor array comprised of sixteen magnetic flux-density sensors (also known as digital
magnetic compasses) as described by Hu. et al. [82]. The sensor array was built from sixteen Honeywell®
HMC5983 Digital Compasses [97]. To ease in the construction of the circuit, the HMC5983L breakout board
by Drotek® [98], shown in Figure 3-7, was used to provide SPI communication [99] to the HMC5983
integrated circuit. This sensor has a maximum effective update rate of 160 Hz and an operational range of +/- 8

Gauss. Benefits of this sensor and breakout board which led to their selection include:

1) A low cost per sensor, $6.19 USD per sensor.
2) Robust response to overloads. When the sensor is overloaded by a reading of above 8 Gauss, the
overloaded axis will provide a unique reading of 4096 (raw byte value) within its read register,
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which indicates that an overload has occurred. Furthermore, the sensor will automatically return
to normal operation once the flux density acting on that axis returns to the normal operating range
of the sensor. This was a highly valuable feature since the sensor array needs to operate in an
environment in which flux density changes rapidly and some overloads are inevitable.

3) A high communication speed. SPI communication with the Drotek breakout board can occur at a
clock speed of up to 8 MHz, which allowed all sixteen sensors to be read over a single
communication line without SPI communication time significantly slowing the update rate of the
board.

1IMC5983
w drotek ir

Figure 3-7: Three Drotek® breakout boards for the HMC5983 sensor,
arranged on a breadboard for testing prior to the construction of the final
Sensor array.

The sensor array is controlled by an Arduino Due board [100], shown in Figure 3-8, which in turn
communicates with the controlling PC via a USB connection. The fully constructed sensor array is shown in
Figure 3-9.

Figure 3-8: The Arduino Due board [100]
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Wiring

This section describes wiring instructions for the HMC5983 sensor board which | created for this
research. Each of the Drotek breakout boards can be set to communicate in either SPI mode or 12C mode.
Since this project uses SPI communications, the first step is to solder the 12C/SP1 jumper for SPI mode on each
of the Drotek boards. Once the communications jumper has been soldered into SP1 mode, the following
connections are made for each of the pins on each breakout board:

Table 3-2: Connection guide for Drotek® breakout board

VDD 3.3V source, single bus for all sensors

GND Ground, single bus for all sensors. Sensor array is grounded to a back-plate.
DRDY Individual digital input on Arduino for each sensor

SDA/I Wire to Arduino MOSI, single bus for all sensors

SCLK Wire to Arduino CLK, single bus for all sensors

Cs Individual digital output on Arduino for each sensor

SDO Wire to Arduino MISO, single bus for all sensors

These connections are achieved by soldering slots of seven male-to-female connectors to a
prototyping board, described below, thus creating sixteen simple slots into which breakout boards can be
inserted or removed. This feature proved invaluable during development, as sensors could easily be added or
removed, tested individually, or swapped with other sensors to check whether a problem was with the sensor
itself or with the connecting circuitry, and easily replaced in the event of a failed or broken sensor. The VDD,
GND, SDA/I, SCLK, and SDO connections for each sensor connect to busses with a single connection to the
Arduino Due each, as described in Table 3-2. However, the CS and DRDY pins for each sensor have unique

connections, which are detailed in Table 3-3.

Table 3-3: Pin mapping (digital 10 on Arduino Due)
Sensor |0 |1 |2 3 |4 |5 6 |7 8 9 10 |11 |12 |13 |14 |15

CS 22 |26 |30 (34 |23 |27 |31 |35 39 |43 |47 |51 |38 |42 46 |50
DRDY |24 |28 |32 |36 |25 |29 |33 |37 |41 |45 |49 |53 |40 |44 |48 |52

The sixteen sensors are laid out in a regularly-spaced 4 x 4 grid, with each sensor separated by a
distance of 38 mm in both the X and Y direction. The layout and numbering of the sensors in the array is

shown in Table 3-4. A photograph showing the sensor array in this configuration can be seen in Figure 3-9.
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Table 3-4: Sensor map: physical layout of sensors in array.

0 4 8 12
1 5) 9 13
2 6 10 14
3 7 11 15

Arduino Due

HMC5983 Sensors

Figure 3-9: Sensor Array; final design
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The sensor array was constructed using a prototyping board, designed with columns of connected
conductive material running along the back of the board. Regularly spaced holes along these columns allow for
the precise placement of components, with connections soldered to the back of the board as shown in Figure
3-10. Placement and soldering of all components was done by hand.

Copper removed to break connection along the row

Regularly spaced holes

Soldered connections

Rows of conductive copper OO00000- £0 0 i
o0 0 - .
0 : 0 :. 5
> : : DO o :
—

Figure 3-10: Connections soldered along the back of the prototyping board
Operation

The sensors can be run in either continuous or single-read mode. The mode register on the breakout
board can be set to 0 for continuous and to 1 for single-read mode. The DRDY pin remains high whenever the
chip can be read, and is low only while data is being written to the chip. Therefore, reading a chip whenever
the DRDY is high may result in duplicate reads of the same data. Waiting for the DRDY to toggle (go low,
then high) guarantees that new data has been written.

In continuous mode, the sensors refresh continuously at 220hz, which is the highest possible update
rate for this sensor. Unfortunately, problems with synchronization ultimately led to the decision to run the
sensors only in single-read mode. Single-read mode allows for more direct control over the timing of the

sensors read sequence. Setting the chip to single read mode will cause the chip to make a reading, and then to
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return to “idle” mode until ordered into single-read mode again. Thus, a reliable way to get fresh, synchronized
data is to order all chips into single read mode, wait for the chips to idle, and then read the data off of the chips.
This can be done at ~160hz, which is in agreement with the HMC5983 spec sheet. This is the mode of
operation which is used in all experiments described in this thesis and was found to be far more reliable than

any attempt to use the continuous mode setting.

Data
The HMC5983 chips have 6 data registers, 2 bytes for each dimension. These are arranged as follows:

X MSB, X LSB, ZMSB, ZLSB, Y MSB, Y LSB

where MSB is “Most Significant Byte” and LSB is “Least Significant Byte.” These two bytes store a 16-bit
short integer in 2's compliment form. The range of values should be between [-2048, 2047]. A value of 4096

represents an overload error for the chip.

Arduino Program

The Arduino program is designed to interface smoothly with a user or software program. It will
initialize with a greetings message which gives basic operational instructions. The program expects to receive
numerical commands and will give responses over USB. The Native USB port on the Arduino Due was used
in order to achieve the maximum communication speed for sending packets of data containing the sensor

readings for all 48 sensor axes (three axes each, X, Y, and Z, for sixteen sensors) to the PC.

Sending a value of “0” through “15” to the Arduino will cause the Arduino to read a single sensor,

corresponding to the value sent, and respond with the value of the sensor reading in a human-readable format.

Sending a “16” will cause the Arduino to begin a timing test which tests various modes of operation

and displays times and speeds.

Sending a “17” will cause the Arduino to send a single 107-byte data snapshot representing all 16

sensors. The format of this data is:

The characters "START"
The values {xM xL yM yL zM zL} for all 16 sensors, in order
The characters "STOP\n"

Character 0, a null terminator
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Where xM is the MSB of the X register, XL is the LSB of the x register, and yL, yM, zL, and zM are
the same respective values for the Y and Z registers.

Sending an “18” will cause the Arduino to enter “continuous data mode,” in which it will output a data
stream of lines formatted as above, continuously and as quickly as possible. The only way to get the Arduino
out of this state once it is in it is to reset the board (either press the reset button or unplug it and plug it back
in). In this mode, the sensors are placed into single-read mode and a single data snapshot is compiled as
described for the “17” command. As soon as data has been read from a sensor, the sensor is placed back into
single-read mode, prompting it to take a new reading. Once all sixteen sensors have finished reading new data,
that data is read by the Arduino and sent to the PC and the process repeats in perpetuity, resulting in data
snapshots being sent continuously at a rate of 160 Hz, each snapshot containing unique, updated data for each
of the sixteen sensors.

The sensor coordinates and the board coordinates are not the same, and the data taken from each
sensor must be modified by reversing the sign on the Y and Z axes in order to match the sensor coordinates to
the board coordinates. In order to conform the axes of the sensors with the axes of the sensor array, the
following transformations are used:

Xboard coordinates = Xsensor coordinates

Yboard coordinates = ~ Ysensor coordinates (3'3)

Zboard coordinates = ‘Zsensor coordinates

3.6.2  REJECTED DESIGNS
This final design of the board came about only after two other designs were attempted and rejected. To
lend insight into the design process and important considerations for any future sensor boards in this style, the

rejected designs will be briefly discussed here.

Original Design

The original design of the sensor array was built with a similar sensor, the HMC5883L, a predecessor
of the HMC5983 [101]. Despite being substantially more expensive, this sensor was roughly equivalent to the
HMC5983 in its technical capabilities. However, cost was not the primary impetus for the design of the new
sensor array. In this original sensor array, breakout boards were not removable, but rather were soldered
directly into the board. Problems with a single sensor could permeate throughout the entire board and
invalidate the data generated. Because of the static nature of the board, there was no way to check whether

problems which arose were caused by the sensors themselves or by their surrounding wiring. There was no
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way to run tests on individual sensors and removing sensors from the board was an arduous process requiring
solder to be removed with a soldering iron and a wick of braided copper. Once a defective or suspected to be
defective sensor was removed, a new sensor would need to be soldered in. Furthermore, the sensor array did
not connect to an Arduino board and its behavior was far more difficult to modify or debug.

The final design of the sensor array was designed in response to these issues. Instead of soldering in
sensors directly, mountings were soldered in that allow sensors to be quickly swapped in and out, allowing
sensors to be tested individually or in groups and enabling a wider range of debugging techniques, such as
switching the positions of two sensors. Furthermore, the use of the Arduino enabled code to be quickly
changed and a simple user interface to be implemented for even more diagnostic and debugging capabilities.
This allowed different options, such as experimenting with the sensors in continuous and single-read mode and
variations on the format of the data output, to be attempted with minimal or no modification to the hardware of
the sensor board and only minimal changes to the software running on the Arduino.

Ultimately, now that the design has been finalized, a more static approach in which components are
secured in place more precisely and a more minimalist control software is used to enable communications may
be more efficient. However, the process of creating a working board required months of revisions and
redesigns before all the problems were adequately understood and dealt with, and the modular approach of the
final board reflects the need for experimentation, debugging, and trial-and-error associated with the design of a

working sensor array.

The MMC3416PJ-B Prototyping Board

While designing the new sensor array, in addition to the HMC5983 sensor the MMC3416xPJ sensor
[102] utilizing the MMC3416PJ-B prototyping (breakout) board [103] was also considered. The
MMC3416xPJ sensor offered several obvious advantages over the HMC5983. It has a maximum operational
range of +/- 16 Gauss, twice the range of the HMC5983’s +/- 8 Gauss. Additionally, the MMC3416xPJ has a
maximum refresh rate of up to 800 Hz, according to the technical specifications given for the sensor [102].
However, two problems arose when working with this sensor that caused it to be rejected in favor of the
HMC5983.

The first problem to become apparent was that the MMC3416xPJ sensors did not deal with overloads
robustly. With their increased operational range, overloads were less frequent but were nonetheless still
inevitable. When the HMC5983 experiences an overload on one of its axes, it communicates that an overload
has occurred by filling the registers for that axis with a specific byte value, and normal operation resumes once
the overload has been cleared. By contrast, when an overload occurs on one of the MMC3416xPJ axes, the
sensor stops working entirely and will not record any further new data. There is no clear indication that this has
occurred, and although it is relatively obvious to a human observer, there is no convenient way to test for an

overload digitally. The only way to restore the operation of the sensor after an overload is to re-initialize the
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sensor. The possibility of introducing a monitoring program to attempt to accurately guess when an overhead
had occurred and reset the chip accordingly proved to require substantial additional communication with the
chip, which was found to introduce unacceptable overhead to the communication.

This communications overhead was so arduous because the MMC3416xPJ has an extremely slow
communication speed, the second major problem which led to its rejection. The MMC3416xPJ was clearly not
designed to be used in groups; and although a single sensor could update at 800 Hz, the communication from
the chip could barely keep up with this update rate, with an 12C clock speed of only 400 kHz [102], in contrast
to the 8MHz SPI communication of the HMC5983 [97]. At this update rate, communication speed becomes the
gating factor on the update rate of the sensor array with even two sensors on the same communications bus.

As further evidence that the MMC3416xPJ was not designed to be used in groups, the HMC5983 sensor
has a Chip Select (CS) pin which allows multiple sensors to be used on the same SPI data line, controlling
which sensor is outputting data at any particular point in time by toggling the CS pin high or low. The
MMC3416xPJ, by contrast, has no equivalent function, and had to be used in conjunction with a 12C
multiplexer produced by Adafruit [104]. Switching with the multiplexer added additional time to the process of
reading a group of MMC3416xPJ sensors. Ultimately, a prototype circuit was constructed on a breadboard,

consisting of two Adafruit multiplexers and seven MMC3416xPJ sensors, as shown in Figure 3-11.

Figure 3-11: MMC3416xPJ Sensor Array Prototype
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Between the slow communication speed and the delay added by the multiplexer, this seven-sensor
circuit ran at an update rate of 83 Hz%, significantly slower than the HMC5983 sensor array. Furthermore, from
experimentation it seemed likely that this update rate would scale linearly, leading to an estimated final update
rate of only 35 Hz. While it may have been possible to speed up this update rate with an alternative design, for
example, by reserving a separate communications line for each individual sensor, this would have added
considerable overhead to the electrical design. Given the complexity of using multiple MMC3416xPJ in
conjunction with one another, coupled with my own lack of expertise in circuit design and a reluctance to
tackle such a project, and given the sensor’s poor response to overloads, it was ultimately decided that
designing and building a sixteen-sensor array based on the MMC3416xPJ was not a valuable use of time, and

the sensor was rejected in favor of the HMC5983.

3.7 LOCALIZATION TECHNIQUES
Once constructed, the sensor array is capable of generating sensor readings at each of its sixteen sensors

and communicating those readings to software running on a PC at a rate of 160 Hz. The software which
receives this data must then apply a localization algorithm to the data in order to determine the location and

orientation of the magnet which generated these sensor readings.

3.7.1 LOCALIZATION WITHOUT ACTUATION

As discussed in the Prior Works section, Hu et al. have presented a non-linear numerical algorithm for
finding the location of a magnet given a set of flux density sensor readings [82]-[85]. The research presented
in this thesis is based on this prior work by Hu et al.

The localization algorithm uses a non-linear numerical least-squares minimization method known as
the Levenberg-Marquardt optimization algorithm, as implemented in the LAPACK function Imderl [95]. This
algorithm takes as an input a function for calculating an array of error values, and a list of parameters to that
function. The Levenberg-Marquardt algorithm then attempts numerous variations on the parameters of the
function, eventually converging on a set of parameters that are estimated to minimize the error produced by the
error function.

In the case of the localizer, the parameters to the error function are the position and orientation of the
magnet, and the error function itself works by calculating the expected value in each of the sixteen sensors for
the proposed magnet position and orientation, and subtracting this value from the actual sensor readings.
Variations on the position and orientation of the magnet are tried, and the error calculated for each, until the
algorithm reaches an estimated position and orientation that minimizes the sum of squared errors between

expected and actual values in each of the 48 sensor axes.

! Based on data gathered on 11 August 2016 by BJ Tix
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Error = (Expected Sensor Reading — Actual Sensor Reading)? (3-4)

The expected value for each sensor is computed analytically using the magnetic dipole equation,

presented in equation (3-5):

B, = B,i+B,j+B.k

H M, [ 3(H,-P)P H, &3] (3-5)

yym ’E RJ} (I=1,2, ... N)

In this equation, B) is the magnetic flux density at sensor I, Bix, Biy, and By, are the x, y, and z
components of flux density at the location of the sensor, respectively, and i, j, and k are unit vectors in the x, y,
and z directions. ur represents the relative permeability of the medium (in air, xr = 1.0), and wo represents the
magnetic permeability of air (uo = 4z x 10T m/ A). My is a constant representing the strength of the magnet.
Ho is a unit vector describing the direction of the magnet, P is the vector position of the I sensor relative to
the center of the magnet, and R is the magnitude of P. [83]

To summarize, the magnetic dipole equation can calculate the expected flux density at any given
sensor so long as the location and orientation of the magnet and sensor are known, as well as the strength of
the magnet and the magnetic permeability of the medium. The Levenberg-Marquardt equation is a numerical
optimization method which attempts different possible magnet positions and orientations, checks the error of
the expected values as calculated by the magnetic dipole equation when compared to the actual sensor
readings, and through multiple iterations converges on an estimate of the magnet’s position and orientation

which minimizes the error between the actual and expected values.

3.7.2 COMBINED LEVITATION AND LOCALIZATION

The key contribution of this work is to expand the localization algorithm provided by Hu et al. to make
it compatible with use with a magnetic levitation system. The algorithm as provided is not sufficient, since as
soon as the maglev is activated, it will produce its own magnetic field which is not accounted for by the dipole
equation, which will cause the localization algorithm to fail. Similar results are shown in [42], in which the
localization of the GaussSense board failed as soon as magnetic actuation was applied.

As | will demonstrate in this work, it is possible to account for the magnetic field produced by the
maglev within a localization algorithm working off of a similar principle to the algorithm already described. In
order to successfully account for the magnetic field of the maglev, we require a model of the magnetic flux
density generated by the maglev at each of the sensors. Since the current to each maglev coil is precisely
controlled by the levitation control loop, and the magnetic forces produced by each coil are proportional to the

current in the coil, the magnetic flux density for each coil can be precisely calculated based on the current in
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the coil at any given point in time. While it would be possible to estimate the magnetic flux density based on
the dipole equation described in equation (3-5), even greater accuracy can be achieved by using a numerical
model generated by the previously discussed Radia software package [94]. The numerical model produced for
a single coil contained estimates of flux density in 1mm increments radiating out from the center of the coil.
Making use of the rotational symmetry of the coil, only two dimensions are required, the horizontal distance
from the coil and the vertical distance from the coil. Values in the numerical model are proportional to the
current running through the coil, as the field produced by the coil is proportional to the current. Values are
recorded in the model as the flux density produced at each location by an applied current of 1 Amp.

The magnetic field generated by the maglev is a simple superposition of the fields generated by every
coil individually. Similarly, the total magnetic flux density detected by the sensors is a superposition of the
flux density generated by the maglev and the flux density generated by the permanent magnet being levitated.
Using this model, it is possible to very accurately estimate the flux density produced by the maglev by
summing the individual flux densities generated by each coil, according to the numerical model which has just
been described. The total expected flux density sensed by each sensor can then be calculated as the sum of the
flux density produced by the maglev on that sensor, and the flux density produced by the magnet, as calculated
by equation (3-5).

Total Flux Density = Flux Density from Magnet + Flux Density from Maglev (3-6)

By using this estimate of the total flux density at each sensor, Equation (3-4) can be computed
accurately even when the maglev is running. Since the error can be computed, it can also be minimized. Thus,
so long as the localization software is provided with an accurate description of the state of the maglev and an
accurate model of the magnetic field produced by the maglev in its current state, then the Levenberg-
Marquardt least-squares optimizer can be used to converge on an accurate estimate of the position and
orientation of a permanent magnet acted upon by a multi-coil magnetic levitation system. This modification of
the error function to include a physical model of the magnetic field from the maglev is a novel contribution
which has not been demonstrated in prior works and which provides a solution to the problem of combining

magnetic localization with magnetic actuation from a maglev system.

3.8 CONTROL SOFTWARE

3.8.1 OVERVIEW

The entire system is controlled by an original software system written specifically for this research.
The software was written in the C++ programming language [105] using the Eclipse integrated development
environment (IDE) [106]. Older software used to control the maglev were written in C [107] without the aid of

an IDE. However, the added complexity of the current software when compared to previous control software

28



run in the HRIL justified the use of C++ and the Eclipse IDE. The full code base for this project consists of 58
code (.cpp) and header (.h) files and is too extensive to reproduce in full here. Code is available in electronic

form upon request.

3.8.2 SOFTWARE ARCHITECTURE
The software can be broken down into five primary components:
1) The main startup and initialization function.
2) One or more localizers.
3) The sensor array driver.
4) The maglev driver.
5) The graphical user interface (GUI).

The main startup function

The software is designed to be run from a Unix terminal and begins with a series of text-based
prompts which determine what the program will do during this session. The user will be prompted with a
series of yes/no questions which require a response of ‘y’ for yes and ‘n’ for no. Options include gathering new
data for calibration, recalibrating the sensors based on existing data, or calculating the average error based on
existing calibration data and calibration values. Calibration will be discussed in further detail in section 4.2.1.
Other options include showing a replay of previously recorded data and running the coil calibration test, as
described in section 4.2.2. Depending on the options selected by the user, the startup function will eventually
reach a point where no further input is required and will begin a thread of operation for the GUI, opening a
new graphical window to display real-time or replay data from the sensors and maglev depending on the
options selected. The localizers, sensor array, and maglev will also be initialized at this point. The full decision
tree is outlined below in Table 3-5.

Table 3-5: Software Startup Decision Tree

ID | Prompt or Action Input | Input | Input
0 "Do you want to run the single-coil calibration test? (y/n)" Y:1 N:2
1 The single coil calibration test is run as described in section 0 2
2 "Do you want to record new calibration data? (y/n)" Y:3 N:4
3 New calibration data is recorded by the Optotrak as described in section 4
4.2.1.
4 "Do you want to recalibrate based on the existing raw data? (y/n)" Y:5 N:9
5 "Do you want to use the Velmex data (v), the Optotrak data (0), or the V:6 0:7 M:8
maglev data (m)?"
6 Calibration is run based on data gathered from the Velmex positioning 11
system [108] as described in section 4.2.1.
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maglev will run, moving the magnet along a prescribed circular path while
data is recorded from both the Optotrak and the sensor array. Once the path
is complete, the maglev will automatically deactivate, leaving the GUI

running, showing a real-time display of the readings from the sensor array.

7 Calibration is run based on data gathered from the Optotrak as described in | 12
section 4.2.1.
8 Calibration is run based on data gathered during levitation as described in 13
section 4.2.1.
9 "Do you want to calculate the error and export to error.csv? (y/n)" Y:10 | N:14
10 | "Do you want to use the Velmex data (v), the Optotrak data (0), or the V1l | 0:12 | M:13
maglev data (m)?"
11 | Error is calculated based on data gathered from the Velmex positioning 14
system as described in section 4.2.1.
12 | Error is calculated based on data gathered from the Optotrak as described in | 14
section 4.2.1.
13 | Error is calculated based on data gathered during levitation as described in 14
section 4.2.1.
14 | "Do you want to see a replay of the calibration data? (y/n)" Y:15 | N:18
15 | "Do you want to show simulated replay data? (y: simulated sensor data; n: Y:16 | N:17
real sensor data)"
16 | The GUI will be initialized. A replay of the most recently recorded
calibration data will be shown on the GUI, showing the motion of the
magnet as recorded in the data along with the simulated sensor readings
generated based on the recorded magnet positions.
17 | The GUI will be initialized. A replay of the most recently recorded
calibration data will be shown on the GUI, showing the motion of the
magnet as recorded in the data along with the actual sensor readings which
were recorded when the calibration data was recorded.
18 | "Do you want to run the maglev in alternation mode? (y/n)" Y:19 | N:20
19 | The GUI will be initialized along with the maglev. The maglev will run in
“alternation mode” as described in section 0 using the sensor array for
localization.
20 | The GUI will be initialized along with the Optotrak and maglev. The
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The Localizer
In the context of this system,
a localizer is a software object that
generates an estimate of the position
and orientation of a magnet. There /
are several possible ways to do this,

the most notable three of which, in
the context of this research, are;

1) Using the Optotrak.

2) Using the original
localization algorithm Figure 3-12: Localizer virtual parent class inheritance tree.
designed to work in the absence of magnetic actuation.

3) Using the new localization algorithm, designed to work in conjunction with the maglev.

As shown in Figure 3-12, the localizer has been designed as implementations of a shared interface. Since
C++ does not natively support an explicit “interface” mechanism, ILocalizer is implemented as a virtual parent
class containing functions for beginning a thread of operation, running an update function in an operational
loop in this thread of operation, and tracking statistics on iterations run, time since startup, speed in Hz, and
other measures. The most important feature the ILocalizer provides is access to estimated position and
orientation data about the magnet it is tracking, which can then be used by other parts of the program.

However, ILocalizer’s update function is empty, and it has no way to estimate the position and orientation
of the magnet. That functionality is left to the child classes. The Optotrak child class receives data from the
Optotrak hardware during its update function, and converts that data into the vector-representation of the
magnet used by the rest of the program, making new data available whenever new data is received from the
Optotrak. LM_Localizer is an implementation of the original localization algorithm as presented by Hu et al.
[83], whereas LM_LocalizerWithMaglev implements the modified version of this algorithm intended for use
with the maglev. Both of these children classes rely on receiving sensor data from an ISensorArray object to

use as the inputs to the localization algorithm.

The Sensor Array Driver

The sensor array has been implemented in software using a similar scheme to that used by the
localizer. A virtual parent class, 1SensorArray, contains some of the common functionalities and definitions for
public functions, while child class implementations determine the actual sensor data itself. As shown in Figure

3-13, there are three notable implementations of ISensorArray:
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ISensorArray

HMC5983 SensorArray Simulated_SensorArray

RawDataReplayAndCalibration_SensorArray

Figure 3-13: Sensor array inheritance tree

1) The HMC5983_SensorArray child class communicates with the sensor array Arduino board via a USB
connection. During the initialization of this class, communication is established with the Arduino and
the Arduino is placed into “continuous read mode” as described in section 3.6.1. Once initialized, the
HMC5983_SensorArray receives real-time updates of the readings in each of the sixteen sensors of
the sensor array.

2) The Simulated_SensorArray generates estimated sensor readings as described in section Error! R
eference source not found. if provided with a known magnet position and maglev data. To make the
simulations more realistic, the Simulated_SensorArray has a property named percentError. Whenever
estimated sensor readings are generated, a random error of up to percentError percentage of the
estimated value is added or subtracted from the estimate, in order to simulate “noisy” and imperfect
sensor data.

3) The RawDataReplayAndCalibration_SensorArray loads data recorded from previous experiments,
including magnet localization data, sensor data, and maglev coil currents. The
RawDataReplayAndCalibration_SensorArray can then simulate a replay of this saved data by
incrementing through different data points at regular time intervals, thus simulating a repeat of the

previously recorded sensor data.

Sensor arrays do not run their own threads of operation nor do they update on their own. Instead, they
are coupled to an ILocalizer object which is used to control the update and timing. When an ILocalizer that
depends on sensor input updates, it will command the ISensorArray object to take a new sensor reading,
which may be a new reading from the physical sensor array hardware, newly generated simulated data, or
simply the next recorded data step from a recorded replay, depending on the type of ISensorArray that is

being commanded to take a new sensor reading.
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The Maglev Driver

The maglev driver is based directly off of the C code which was used to run the maglev in previous
HRIL experiments [48], [92]. The specifics of the maglev code’s operation were described in section 3.4.3. A
closed-loop PD controller is used to control the magnet’s position and orientation based on input from an
ILocalizer object. In previous experiments in the HRIL, the localizer has always been the Optotrak, but | have
conducted experiments using both the Optotrak and the sensor array and localization algorithm, as will be
described in detail in section 4.

The maglev driver does not run in its own thread. Instead, a publisher-subscriber model was
implemented between the maglev and the ILocalizer object. When an ILocalizer with a maglev as a subscriber
has a new estimate of the magnet’s position and orientation, this information is sent to the maglev, triggering

an update of the PD control loop using the new magnet position and orientation data as closed-loop feedback.

The Graphical User Interface

Once the main initialization function has reached the conclusion of the user input tree described in
Table 3-5, a new window is opened containing a graphical user interface implemented in OpenGL [109]. This
graphical user interface includes a three-dimensional representation of the values of each sensor reading and
each maglev coil current value, displayed as three two-dimensional projections, the XY projection (top view),
the XZ projection (front view) and the YZ projection (side view).

Within each projection, each sensor is displayed a small blue dot with a red line pointing away from
its center, indicating the direction and magnitude of the magnetic flux density being reported by that sensor. If
the magnitude of the flux density is small, a blue line will indicate the direction of the flux density but not the
magnitude.

The maglev coils are represented by colored squares in each projection, their color varying based on
the current being commanded to the coil. A faded grey square indicates that no current is being sent to the coil.
The square will turn red for positive currents and blue for negative current values. Bold colors indicate a high
absolute current value, while faded colors represent a low absolute current value.

The estimate of the magnet position and orientation is displayed as a colored dot representing the
position of the magnet with a short line radiating outward from the dot to indicate the unit vector of the
magnet’s direction. It is possible to display multiple magnet estimates from different ILocalizer objects
simultaneously, and to color-code each one to clearly indicate which magnet estimate is from which localizer.

Additionally, information about the current session including the time since the program was started,
the number of iterations run, and the update rate of both the localizer and the GUI threads are displayed in the
top right corner of the window. A screenshot of the GUI taken during magnetic levitation is show in Figure
3-14.
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Figure 3-14: GUI Screenshot with annotations

Summary: Threads of Operation and Update Sequence

In summary, the software starts up by prompting the user through a series of text-based questions in a
computer terminal. Once the parameters of the program have been set through this user-input decision tree, the
program will start two or more threads of operation: one for the GUI, and one for each localizer which will be
running during the session. Each localizer will update continuously as quickly as possible, but their speed is
constrained by their particular means of localization. In the case of the Optotrak, the update function will be
completed whenever new data is available from the Optotrak, typically at a rate of approximately 800 Hz. In
the case of the localization algorithms with or without the maglev, the constraining factor is the speed of
reading the sensor array and the speed of executing the Levenberg-Marquardt minimization algorithm. During
each iteration of these localizers, the sensor array is read and the sensor data is used as input to the localization
algorithm, and an estimate of the magnet’s position and orientation is produced. Once this estimate is
available, the localizer instructs the maglev to update its control loop using the new magnet estimate as closed-

loop feedback.
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4 EXPERIMENTS AND RESULTS

4.1 SIMULATED RESULTS

4.1.1  SIMULATION DESIGN AND IMPLEMENTATION

In order to validate the newly proposed localization algorithm, it made sense to begin by testing the
algorithm in a simulated environment. If tested only with physical hardware, it would be extremely difficult to
tell whether failures which occurred were due to a flaw in the algorithm itself, a flaw in the implementation, or
a flaw in the hardware. This problem is greatly simplified if the algorithm is first validated in a simulated
environment in which hardware flaws are not a concern. Furthermore, knowing that the algorithm works
properly in a simulated environment is useful before attempting implementation on new hardware, in order to
aid in the debugging and development process for the hardware.

The simulation software was briefly discussed in section 3.8.2, but it will be discussed in greater detail
in this section. The simulated sensor array, an implementation of the 1SensorArray virtual parent class as has

already been described, operates according to the following process:

1) The magnet position is assumed to be known beforehand and must be precisely defined. In each
of the simulated experiments presented in this research, this was accomplished by using recorded
replays of previous physical experiments. While recording the replay, the Optotrak records the
position and orientation of the magnet, and these position and orientation readings are saved and
later played back into the simulated array as the known magnet positions and orientations. The

maglev coil currents are also recorded and fed into the simulated sensor array as input data.

2) Once the magnet position and orientation has been established and the coil currents are known,
the sensor readings expected to be generated from these conditions are calculated according to

Equation (3-6) for each of the three axes of all sixteen sensors in the array.

3) A random “noise” is added to each reading. This random value may take any value between zero
and an absolute value not greater than a set percentage of the expected reading, as defined by the
percentError property of the simulated sensor array. The noise value may be positive or negative

and the random values generated are evenly distributed across their allowable range.

4) The localizer, which is an instance of either LM_Localizer or LM_LocalizerWithMaglev treats the
values generated by the simulated sensor array as though they were real sensor readings. Since the
localizer is only seeking sensor readings from an 1SensroArray object, its function is identical

whether that sensor array is real or simulated.
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5) The localizer generates an estimate of the magnet position and orientation based on the simulated
sensor readings. If everything is working correctly, the estimated position and orientation should
be very close to the known position and orientation which were used to generate the simulated
sensor readings. Furthermore, it should be expected that greater noise values will result in greater
error between the known position and the estimate.

4.1.2 LOCALIZATION WITHOUT ACTUATION

To validate the software and the implementation of the original localization algorithm, simulated
experiments were performed without input from the maglev. In these experiments, the magnet was moved by
hand while connected to three emitters in view of the Optotrak (see Figure 3-6 in section 3.5). Ten thousand
data points were recorded, including precise measures of the magnet position and orientation, at 2ms intervals.
This data was then used as the input to generate simulated sensor data for use with an LM_Localizer object.?
The localization algorithm was shown to work very well, with results shown in Table 4-1. These results
demonstrate what is effectively a replication of the research presented by Hu et al. in [82], which was an

important step before moving forward with experiments on expansions of this algorithm.

Table 4-1: Simulation Results with Original Algorithm as presented by Hu et al. [82]
Simulated Accuracy: Localization without Maglev

Position Error (mm) | Orientation Error (radians)
No Noise 2.64E-08 3.87E-09
5% Noise 1.13373 0.0275007
10% Noise 2.2987 0.0561892

4.1.3 COMBINED LEVITATION AND LOCALIZATION

Once the original algorithm had been validated, a similar simulated experiment was performed using
data captured during magnetic levitation. In order to capture the data for this experiment, the magnet was
levitated by the maglev in a pre-programmed circular pattern, varying the height (Z direction) while
simultaneously moving in a horizontal circle (X and Y directions). The position and orientation of the magnet
as estimated by the Optotrak were recorded, as were the commanded coil currents for all 27 maglev coils.?
This data was then used as the input for the simulation, and the localization results are shown in Table 4-2. The
localization estimate is accurate to within less than 1mm for the 0% and 5% noise cases, and increases to just

over 1mm for the 10% noise case. As expected, the accuracy decreases as the noise level increases.

2 Data recorded on 24 January 2017 by BJ Tix
3 Data recorded on 30 January 2017 by BJ Tix
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Table 4-2: Simulation Results with Combined Localization and Levitation
Simulated Accuracy: Localization with Maglev

Position Error (mm) | Orientation Error (radians)
No Noise 1.01E-07 3.99E-08
5% Noise 0.64406 0.0209799
10% Noise 1.28784 0.0424378

Sensitivity to Noise

As expected, the accuracy of the localization algorithm decreases as the noise (inaccuracy) of the
sensors increases. This can be seen in Table 4-2, and can be shown even more dramatically in visual form in
Figure 4-1, Figure 4-2, and Figure 4-3, which show visual representations of the position estimates at 0%, 5%,
and 10% noise levels, respectively. The estimated can be clearly seen to spread out away from the actual value
as the noise level increases. Based on these simulated results, it can be inferred that a physical system using
this algorithm will be highly sensitive to any inaccuracy in the sensors or other elements of the hardware,
which will lead to inaccurate sensor value estimates and thus reduce the accuracy of the localization as has

been shown in this simulated experiment.

Simulated Localization
1000 samples; 13 March 2017
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-15 25

-30

@ Optotrak Data + Estimated Position (Simulated Sensor Array with 0% Error)
Figure 4-1: XY Projection of Simulated Localization of Position, 0% Noise
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Simulated Localization with 5% Random Noise
1000 samples; 13 March 2017
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® Optotrak Data + Estimated Position (Simulated Sensor Array with 5% Error)

Figure 4-2: XY Projection of Simulated Localization of Position, 5% Noise

Simulated Localization with 10% Random Noise
1000 samples; 13 March 2017
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s+ Estimated Position (Simulated Sensor Array with 10% Error)

Figure 4-3: XY Projection of Simulated Localization of Position, 10% Noise
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4.1.4  COMPARISON OF ACCURACY OF NEW AND ORIGINAL LOCALIZATION ALGORITHMS

One interesting result from the simulated experiments is that despite the added complexity, the
localization is more accurate with the new algorithm which incorporates additional simulated magnetic field
from the maglev than it is with the original algorithm, at least in a simulated environment. This can be seen

clearly in Table 4-1 and Table 4-2. Figure 4-4 and Figure 4-5 show the same data in a visual bar-graph format.

Position Error (mm)

2.50E+00
2.00E+00
1.50E+00
1.00E+00
5.00E-01
y 4

0.00E+00
No Noise 5% Noise 10% Noise

m Original Algorithm  m New Algorithm
Figure 4-4: Position Accuracy of New vs. Original Localization Algorithm

Orientation Error (Radians)
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1.00E-02
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m Original Algorithm  m New Algorithm
Figure 4-5: Orientation Accuracy of New vs. Original Localization Algorithm
4.1.5 UPDATE RATE
It is worth taking a moment at this point to examine the update rate for this localization algorithm. Hu
et al. [82] report update rates for their algorithm of approximately 10 Hz. They identify the computation time

of the algorithm as the limiting factor on the update rate of the system as a whole, and describe various
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techniques for improving the update speed, including techniques that sacrifice the accuracy of the localization.
Since 10 Hz is insufficient for most real-time applications, such compromises between speed and accuracy are
sensible. This position is echoed by other researchers as recently as 2016, such as the work presented in [24]
which focuses on improving the execution speed of a similar algorithm. However, as shown in Table 4-3, the
simulated results which have just been presented were able to run the localization algorithm described by Hu et
al. at over 3kHz, and even the new, more complex algorithm runs at hundreds of Hz, a speed which could most
likely be further optimized now that the algorithm has been demonstrated to work in its current state. These
results clearly show that with a properly structured software program, in this case the LAPACK software
library [95] and appropriate PC hardware, in this case an intel i7 processor [88, p. 7], this localization
algorithm can be run at speeds far exceeding what has previously been reported, at an update rate sufficient for
many real-time applications. Therefore, it can be concluded from this work that there is no need to make
compromises between speed and accuracy in the pursuit of real-time update rates while using either the new
localization technique presented in this thesis or the original localization technique presented by Hu et al. This
is an important finding for directing future work away from accuracy-compromising speed improvements and
towards more productive areas of research.

Table 4-3: Localization Update Rate

Localization Algorithm Update Rate
Hu et al. [82] New Software
Without Maglev 10 Hz 3081 Hz
With Maglev - 422 Hz

4.1.6  EXPERIMENTS WITH SIMULATED 64-SENSOR ARRAY

As previously described, the sensor array which was built for this research consists of sixteen
HMC5983 sensors arranged in a regularly-spaced 4x4 grid. In order to test whether there would be benefits to
a larger sensor array, | simulated the same experiments which have already been described in sections 4.1.2
and 4.1.3 using a simulated 64-sensor array with regularly-spaced sensors placed 9mm apart in a regular 8x8
grid in a horizontal plane. This simulated sensor array covered roughly the same (virtual) physical space as the
4x4 simulation of the sixteen-sensor HMC5983 board. Interestingly, there was no significant improvement in
the accuracy of the localization algorithm with a 64-sensor array when compared with the simulation of the 16-
sensor array. In fact, as shown in Table 4-5, the 64-sensor array often performed worse than its 16-sensor
counterpart.
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Table 4-4: Simulated Experiments with a 64-Sensor Array

Simulated Accuracy: Localization without Maglev

Simulated 16-Sensor Array Simulated 64-Sensor Array
Position Error (mm) Orientation Error (radians) Position Error (mm) Orientation Error (radians)
No Noise 2.64E-08 3.87E-09 7.83E-08 4.10E-09
5% Noise 1.13373 0.0275007 1.0629 0.0208373
10% Noise 2.2987 0.0561892 2.12987 0.0419793

Simulated Accuracy: Localization with Maglev

Simulated 16-Sensor Array Simulated 64-Sensor Array
Position Error (mm) Orientation Error (radians) Position Error (mm) Orientation Error (radians)
No Noise 1.01E-07 3.99E-08 1.38E-07 1.03E-08
5% Noise 0.64406 0.0209799 2.93013 0.0619809
10% Noise 1.28784 0.0424378 6.4373 0.129969

4.2 EXPERIMENTAL RESULTS WITH PHYSICAL HARDWARE

4.2.1 LOCALIZATION WITHOUT ACTUATION
Position and Orientation Accuracy

Before testing the new localization algorithm with the physical sensor array, it was important to
validate that the sensor array itself was working correctly by replicating the work of Hu et al. This was done by
placing the magnet into known positions and orientations and recording the sensor readings, then checking
whether or not the localization algorithm could accurately estimate the magnet’s position. The initial set of
experiments was conducted using the Velmex motion system [108], composed of stepper motors connected to
linear screw-drive stages. By affixing a small magnet to the Velmex, the magnet’s position could be precisely
controlled. However, the magnet could not be rotated within this three-axis system, and so it remained
completely vertical throughout the duration of the data gathering.* Table 4-5 shows that the initial results were
very promising, with the localization algorithm achieving sub-millimeter accuracy. As shown in Figure 4-6,
the largest errors occurred towards the edges of the working space, and errors were much lower when the
magnet was positioned over the center of the sensor array.

Table 4-5: Accuracy Experiments with the Velmex Motion System
Average Positon Error (mm) 0.78547585
Average Orientation Error (radians) 0.02293159

4 Data gathered on 30 August 2016 by BJ Tix
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Figure 4-6: 3D Plot of Velmex Error with Respect to Magnet Position
Once the Sensor Array had demonstrated its effectiveness with the Velmex motion system, it was
moved to a position underneath the maglev as shown in Figure 4-7. From this position, new data was gathered
by connecting the magnet to infrared emitters and moving the magnet by hand as described in section 4.1.2.
While this data was being gathered, actual sensor data was recorded as well as the position and orientation of
the magnet. This dataset was considered to be more representative than the Velmex dataset of the conditions

which would be faced during levitation for two reasons:
1) In this dataset, the magnet was moved in an irregular pattern, changing in both position and

orientation. In the Velmex data set, the magnet moved in a very regular pattern and the magnet’s

orientation did not change.
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2) This data was gathered with the sensor array properly positioned beneath the maglev, thus
exposing it to identical physical conditions as would occur during levitation, with the sole

exception that the maglev itself was not turned on while this data was being gathered.

As shown in Table 4-6, the sensor array performed less accurately under these conditions than it did

during the Velmex experiments, but still achieves a positional accuracy of ~1.6 mm.

Figure 4-7: The Sensor Array Positioned Beneath the Maglev Coils

Table 4-6: Accuracy Experiments with the Data Gathered by Optotrak
Position Error (mm) 1.55729
Orientation Error (radians) 0.03426

Figure 4-8 shows the XY projection of the position estimated by the localization algorithm, along with
the position measured by the Optotrak. Just as with the VVelmex data, the most significant errors occur towards
the edges of the sensor array, in this case the far left and right sides of the array. For the sake of clarity, Figure
4-8 shows only the first 2,000 of the 10,000 data points in this dataset.
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Actual and Estimated Position
No actuation; 2,000 samples; 13 March 2017
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Figure 4-8: Estimated vs. Actual Position for Optotrak Gathered Data with No Maglev

Calibration Procedure
The results presented in the previous section would not have been possible without first applying a

calibration procedure to modify the raw sensor readings prior to localization. Hu et al. also report the need to

calibrate the sensor output, relying on three transformations of the raw sensor data [82]:

1) A position offset for each sensor axis.
2) An orientation adjustment for each sensor axis.
3) A third-order polynomial transform of the sensor data.

I chose to use the same calibration coefficients. However, instead of calibrating each sensor by hand
as is shown in [82], | wrote an automatic calibration procedure based on the same Levenberg-Marquardt
minimization function as is used by the localization algorithm. Using the recorded dataset, the calibration
coefficients are set as the outputs for the Leveberg-Marquardt algorithm. Error is calculated by testing how
closely calibrated values align with expected sensor readings, and the calibration values are optimized until the
closest fit to the expected data is found. As Table 4-7 shows, calibration using this method produces dramatic

improvement in the accuracy of the localization algorithm.
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Table 4-7: Effects of Calibration

Before calibration After Calibration
Position Error (mm) 7.71957 1.55729
Orientation Error (radians) 0.124083 0.034255

Comparison to Hu et al.

The purpose of these experiments with the sensor array with no maglev interference was to validate
sensor array hardware through replicating and confirming the work of Hu et al. Thus, a review of the
comparisons between this work and the work of Hu et al. is appropriate before moving forward with
experiments with the expanded algorithm combining localization with the use of the maglev. As shown in
Table 4-8, the sensor array constructed for this research exceeds the results reported by Hu et al. in the

accuracy of position estimation, orientation estimation, and update rate.

Table 4-8: Comparison of Present Work to Prior Work by Hu et al.

Huetal. | HRIL
Position Accuracy (mm) 3.3 | 1.55729
Orientation Accuracy (radians) 0.051 | 0.034255
Update Rate (Hz) 10 160°

Localization with Given Orientation

When examining the data produced from this localization experiment, a clear trend was observed that
position error and orientation error were tightly coupled. In other words, position error is proportional to
orientation error, when one is high, the other is high as well. This trend can be seen quite clearly in Figure 4-9.
Therefore, it stands to reason that if the orientation of the magnet could be accurately and independently
determined, the position accuracy of the localization algorithm would most likely improve. In [24], Natali and
Simaan describe using an inertial measurement unit to determine a capsule’s orientation, so the principle of
establishing orientation independently prior to attempting position localization is not without precedent.

A new localization algorithm was written, LM_LocalizaerWithGivenOrientation, which was
implemented as a child class of ILocalizer. LM_LocalizaerWithGivenOrientation is a modification of the
LM_Localizer which has already been described. The sole difference between the two localizers is that
LM_LocalizaerWithGivenOrientation uses orientation data from an outside source, and only attempts to solve
for the position of the magnet, treating the orientation as a given. Localization was performed on the recorded
replay of the experiments presented in this section, using the real recorded sensor data as input and the magnet

orientation from the Optotrak as the given orientation. The results of this experiment are shown in Table 4-9.

5 The localization algorithm can run much faster than 160 Hz, up to 3kHz as reported in Table 4-3. However, the
physical sensor array is limited by the update rate of the HMC5983 sensor, which is 160 Hz.
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As expected, the position accuracy of the localization estimates improves significantly when the orientation of
the magnet is known.

Orientation Error vs. Position Error
0.4
0.35
0.3
0.25
0.2
0.15
0.1

Orientation Error (radians)

0.05

Position Error {(mm)

Figure 4-9: Position and Orientation Error using Localization without Actuation

Table 4-9: Accuracy of Localization with Given Orientation
Position Error (mm)

Localization of Position and Orientation | 1.55729

Localization with given Orientation 0.835472

4.2.2 COMBINED LEVITATION AND LOCALIZATION
Technical Limitations

With the prior works successfully replicated and improved upon, the sensor array proven through
localization experiments without the maglev, and the localization algorithm combining localization with
levitation proven to be theoretically sound through simulation, we can now turn our attention to proving the
efficacy of the new algorithm through physical experiments. However, when attempting to conduct
experiments which combined localization and levitation with the physical sensor array and maglev, two key

technical limitations arose which prevented the use of the sensor array during ordinary levitation.

46



1)

2)

The HMC5983 sensors have an operational range of +/- 8 Gauss. However, in the position the
sensors are located, directly beneath the maglev, the magnetic flux density was calculated to be
expected to exceed 100 Gauss at its highest peaks. Flux densities exceeding an absolute value of
eight Gauss would occur frequently, disrupting the operation of the sensor array.

The HMC5983 sensors update at a speed of 160 Hz, whereas the closed-loop PD controller for the
maglev updates at over 800 Hz during levitation and 160 Hz is too slow to achieve stable

levitation.

For these reasons, it was impossible to gather data using the sensor array during normal levitation.

Single and Double Coil Experiments

Although the technical limitations just described prevent the construction of a true working prototype

for the time being, more limited experiments were performed in order to validate the new algorithm and

provide physical evidence of whether or not the new algorithm could produce accurate localization, given an

appropriate hardware setup. An experiment was designed according to the following specifications:

1)

2)

3)

4)

5)

6)

The coils are turned on one at a time, and slowly stepped up in increments of 0.1A from -0.8A to
+0.8A. This is in contrast to the coils normal operating range of +/- 4A. Once a coil reaches
+0.8A, it is reset to OA and the cycle begins for the next coil, until all 27 coils have been stepped
through the same process.

Sensor readings are recorded at each step as the coil currents are changed, leaving sufficient time
for a full reading of the sensor array in between changes in current levels.

Once each coil has been cycled individually, coils are cycled in pairs through the same range of
currents. Sensor readings are recorded in the same manner, this time with two coils activated
simultaneously.

This experiment is repeated twice, once with no permanent magnet present, to validate that the
model of the expected field generated by the maglev is accurate, and once with a permanent
magnet present, to test localization.

With the magnet present, the LM_LocalizerWithMaglev localizer is run to produce an estimate of
the magnet’s position and orientation.

The recorded data for this test is exported to a spreadsheet. Expected, calibrated, and raw values
are compared to one another and average relative error between calibrated and expected sensor
values is computed. The estimate of the magnet’s position is plotted against the actual position of

the magnet.
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Figure 4-10 and Figure 4-11 show the results of running this experiment with and without the magnet
present for the Z-Axis of sensor #6. The Z-Axis of sensor 6 was chosen as representative because sensor 6 is
one of the four central sensors and thus will read higher magnetic flux density on average from any given coil
than an outer edge sensor would. Furthermore, the Z-Axis was chosen because the sensors are placed directly

beneath the coils, resulting in most of the magnetic flux occurring in the Z (vertical) direction.

Expected vs. Actual Sensor Readings

Sensor 6 Z-axis coil calibration test
Original flux density model, No Permanent Magnet, 13 March 2017

15

Flux Density (Gauss)

Reading #

em@umraW_sensor6Z — e calibrated sensor6Z = exp_sensorbZ
Figure 4-10: Coil Model Validation with No Magnet; Z-Axis of Sensor #6
As can be seen in Figure 4-10 and Figure 4-11, the estimated values for flux density appear to be
correct in principle, as they follow the correct general shape and pattern of the recorded data.5 However, the
magnitudes of the expected and recorded data differ significantly. With no magnet present, the relative error
(computed as the total error divided by the actual sensor reading) across all 48 sensor axes (3 axes each for
sixteen sensors) is 68%. With the magnet present the relative error improves, but is still quite high at 20%

average relative error.

6 Data gathered 13 March 2017 by BJ Tix
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Expected vs. Actual Sensor Readings

Sensor 6 Z-axis coil calibration test
Original flux density model, Magnet present, 13 March 2017
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Figure 4-11: Coil Model Validation with Magnet Present; Z-Axis of Sensor #6

A New Numerical Model of Coil Fields

In response to the high relative error of the experiments just described, an alternative approach was
attempted. The single-coil portion of the sequence was run, and sensor values for each of the sixteen sensors
were recorded. This recorded data was used to form a new numerical model of the expected flux density at
each coil. In this model, rather than estimating the flux density at arbitrary regularly spaced points in space for
each coil, the effect of each coil on each sensor was estimated directly based on the recorded data of the sensor
readings for each coil at different current levels. The hope was that by measuring these values directly, a more
accurate numerical model would be achieved which bypassed any errors relating to discontinuities between the
theoretical field model and the physical hardware. Unfortunately, this method failed to improve the agreement
between expected and measured results, resulting in an average relative error of 48%.” Figure 4-12 shows the

results of this experiment for the Z-Axis of senor 6, and Table 4-10 summarizes the results.

Table 4-10: Relative Error of Coil Numerical Models

Relative Error without Magnet | Relative Error with Magnet
Original Numerical Model 68% 20%
New Numerical Model 77% 48%

" Data gathered 13 March 2017 by BJ Tix
49



Expected vs. Actual Sensor Readings

Sensor 6 Z-axis coil calibration test
New flux density model, Magnet present, 13 March 2017
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Figure 4-12: Coil Model Validation with Magnet Present; Z-Axis of Sensor #6; New Numerical Model

Attempts at Localization

Despite the high error values, | ran the new localization algorithm on the data captured during these
experiments. The best results come from the experiment with the lowest relative error in the sensor estimates,
using the original numerical model for coil flux as described in section 3.7.2. The average position error was
59.52 mm, far too large an error to be useful as input to the closed-loop PD feedback control used for
levitation. Figure 4-14 and Figure 4-13 show the estimated positions generated by LM_LocalizerWithMaglev
during the coil cycling procedure. During this experiment, the magnet was stationary, so the Optotrak estimate

of the magnet position is represented in both figures as a single blue dot.

Figure 4-13 shows a zoomed-in view of the same data as Figure 4-14, with the farthest outliers excluded
to give a clearer view of the majority of the data. The average estimate of the magnet’s position in the X and Y
dimensions is within 1 cm, as is reported in Table 4-11. However, the estimates are inconsistent, ranging
across nearly 300 mm if all outliers are considered. The relatively accurate average estimate surrounded by

imprecise outliers can be clearly seen in Figure 4-13.
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Table 4-11: Average Estimate of Magnet Position

X Y z
Localization (mm) | -2.16731 -34.2593 | 76.46502
Optotrak (mm) 2.324622 | -43.0838 | 100.7578
Error (mm) 4.491932 | -8.82444 | 24.2928

Magnet Position Esimates

Original flux density model, best results
13 March 2017
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Figure 4-14: Magnet Localization Estimates During Coil Model Validation Experiments
Magnet Position Esimates
Original flux density model, best results, excluding outliers
13 March 2017
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Figure 4-13: Magnet Localization Estimates During Coil Model Validation Experiments; Outliers Excluded
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5 DISCUSSION AND CONCLUSIONS

5.1 VIABILITY OF THE PROPOSED LOCALIZATION ALGORITHM
Ultimately, this work failed to produce a viable working prototype demonstrating combined localization

and levitation. However, | do not believe that the localization algorithm itself is at fault. Although full
validation of the proposed algorithm will not be complete until a working prototype is demonstrated, | believe
that the existing work is sufficient to demonstrate that this localization algorithm shows great promise, and
would be likely to succeed given a more precise hardware setup, as will be discussed in depth throughout the
remainder of this thesis. The proposed localization algorithm has been shown to achieve a high degree of
accuracy in simulated experiments presented in section 4.1. Those same experiments showed that the
localization algorithm is sensitive to noisy or inaccurate sensor readings, with even 10% error substantially
reducing the accuracy of localization. Furthermore, the random error introduced during experimentation is
always centered around the correct sensor reading, and thus real sensor errors, which may not be so
conveniently distributed, should be expected to have an even greater impact on localization accuracy. Given
these results, it is not surprising that localization fails to produce accurate estimates in a sensor array with an

average relative error of 20%, as shown in section 4.2.2.

5.2 POSSIBLE EXPLANATIONS FOR FAILURE OF THE NEW NUMERICAL MODEL
One of the most surprising experimental results presented in this work was the failure of the new

numerical model presented in section 4.2.2 to improve upon the results of the original model. The original
numerical model used to estimate the magnetic flux density produced by each coil was based on a physical
simulation of the coil using the Radia software package, as described in section 3.7.2. This model was based
on the assumption that all the coils were identical and conformed to precise physical properties, which is one
possible source of error. Furthermore, this model relied on knowing the precise location of the sensor relative
to each coil, which was another potential source of error if there were any inaccuracies in the measurement or
calibration of sensor position.

The new numerical model had neither of these drawbacks. Rather it directly estimated the flux density
read by each sensor in response to changes in coil currents based on previous direct measurements from the
same sensors. One possible explanation for the failure of this model is that the sensors themselves are not
entirely reliable, producing readings which are not identical between experiments despite physical conditions
being extremely similar if not identical. Using previously measured data as the basis for the numerical model
introduces the possibility of erroneous sensor readings being incorporated into the numerical model and thus
the estimate of all future sensor readings. However, if the sensors do not produce the same erroneous readings
in response to the same magnetic flux density during repeated experiments, then these erroneous data points
will make the estimate less accurate, rather than more accurate. Furthermore, although the magnetic field

produced by the maglev is a superposition of all of the individual fields produced by each coil, the purely
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empirical numerical model estimates of the flux on each coil may not be commutable in the same way, leading
to additional errors in estimation when the flux density from two or more coils are added together to produce
an estimate of the total flux density produced at a particular sensor by the maglev as a whole. Ultimately, the
numerical model based on the physics of the coils proved to be more robust and reliable than the purely

empirical model.

5.3 THE NEED FOR MORE PRECISE HARDWARE
It is my belief, based on the results and conclusions already presented, that in order to produce a working

physical prototype which demonstrates combined localization and levitation using the algorithm proposed by
this research, a more precise hardware setup is needed. Ultimately, the algorithm has been shown to work in
theory, and the physical setup used in these experiments has been shown to have significant uncertainties and
inaccuracies that result in significant errors in the estimation of the maglev’s magnetic field. These hardware
limitations will need to be addressed if future work is to produce physical validation of these already
successful simulated results. Recommendations for the construction of a new system which addresses the

shortcomings of the current hardware are presented in section 6.

6 LIMITATIONS AND FUTURE WORK

6.1 SENSOR HARDWARE
The HMC5983 sensor, as described in section 3.6.1, is ultimately insufficient for use in combination

with a maglev system, necessitating the more limited and constrained experiments presented in this work. No
commercially available sensor was found with the capabilities required for this research, making the
HMC5983 a logical choice for initial investigations. However, now that the problem space has been more
thoroughly explored, future research would benefit greatly from designing or commissioning the design of a
magnetic flux density sensor capable of sensing magnetic flux density in the range of +/- 100 Gauss or more,
and capable of updating at 1kHz or faster. Ultimately, such a sensor will be required if a working prototype

which fulfils the original vision of this research is to be achieved.

6.2 FRAME AND MOUNTING
The sensor array described in section 3.6.1 was constructed on a prototyping board, each component

was soldered by hand, and sensors are inserted by hand into slots which allow sensors to be quickly added or
removed from the array. Furthermore, the prototyping board itself is mounted by hand to its aluminum back-
plate, and the back-plate and sensor array are then seated by hand under the maglev coils as shown in Figure
6-1. Each of these processes is inaccurate to at least some degree, introducing small errors in the position and

orientation of each sensor at each step of the construction and placement of the sensor array.
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Greater precision could be achieved by fabricating a new sensor array as a printed circuit board with a
high degree of accuracy in the placement of each of the sensors. Furthermore, a precision-machined back-plate
could be designed and fabricated to provide a frame for the printed sensor array, removing another degree of
imprecision from the process. Finally, rather than being slid by hand under the maglev coils relying on visual
cues from imprecise reference markers, a precision-machined frame with guide rails and a back stop could
ensure that the sensor array is located in a known location which is precisely the same each time it is placed
under the maglev coils. The calibration procedure described in section 4.2.1 is intended to account for the
small position and orientation errors that are introduced by the inherent imprecision of the process, but no
calibration technique is perfect and I believe that superior results could be achieved with precisely machined

hardware.

Maglev coils

\‘“.-\

W

Figure 6-1: Sensor Array Seated Under Maglev Coils

6.3 MAGLEV COILS
Since the experiments shown in section 4.2.2 demonstrate significant disagreement between the

expected and measured values of the magnetic flux density produced by the maglev, it is worth noting at this
point that each of the coils in the maglev are wound by hand and may not precisely and identically match
either each-other or the physical model which describes their expected behavior. Since previous experiments
with the maglev have relied on a closed-loop PD controller, this control system may have masked any
inaccuracies that were introduced by coils which did not behave exactly as expected. Further investigation
should be carried out to determine how precisely the magnetic field produced by the maglev coils matches the

physical model used to estimate that field.
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6.4 ADDITION OF AN INERTIAL MEASUREMENT UNIT (IMU)
As described in section 4.2.1, independently determining the orientation of the magnet using the Optotrak

resulted in greatly improved positional accuracy. Therefore, it is expected that if an accurate inertial

measurement unit (IMU) were used to determine the orientation of the magnet and communicate this

information to the localization algorithm, similar improvements in positional accuracy could be expected from

the localization estimate. Therefore, future research which seeks to use the proposed algorithm to combine

localization with magnetic levitation should strongly consider incorporating an accurate IMU into the capsule.

For this technique to be effective, the capsule will also need to include a wireless communication module to

relay the IMU readings to the control software.

7 SUMMARY OF ORIGINAL CONTRIBUTIONS

In summary, the key contributions of this work have been to:

1)

2)

3)

4)

5)

6)

Replicate and validate the work of Hu et al. with regards to magnet localization through the use of a
sensor array comprised of sixteen magnetic flux density sensors [82]. This contribution was described
in section 4.2.1.

Improve upon the work of Hu et al. by:

a. Demonstrating substantially faster update rates for the execution of the localization
algorithm, which was a key area of concern for several prior works [24], [83]-[85]. This
contribution is described in section 4.1.5.

b. Demonstrating the efficacy of a novel automatic calibration procedure, described in section
4.2.1.

c. Demonstrating that further improvements to the accuracy of the position estimate can be
made through the incorporation of an IMU or other means for determining the orientation of
the magnet, as described in section 4.2.1

Present a novel localization algorithm which incorporates information from an array of magnetic
coils to effectively combine magnetic levitation and localization, described in section 3.7.2.
Demonstrate through simulation that the proposed algorithm can produce accurate localization
estimates if provided with sufficiently accurate sensor readings and a sufficiently accurate model of
the magnetic field generated by the maglev, presented in section 4.1.3.
Demonstrate that the proposed algorithm is sensitive to sensor inaccuracies and therefore requires a
precise hardware setup in order to produce accurate localization estimates, as described in section
4.1.3.
Show through various physical experiments that the hardware presently available in the HRIL lacks
adequate precision for the proposed algorithm to produce accurate localization estimates, presented in
section 4.2.2.
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7) Outline the necessary hardware improvements which will lead to a more precise physical system

capable of simultaneous localization and levitation, presented in section 6.
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