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Abstract

A large-scale magnetically-levitated planar motor has the potential to revolutionize con-
veying and flexible manufacturing applications. The contactless nature nearly eliminates
friction to produce less noise, vibration, and dust, which enables high-precision and energy-
efficient operation. In this research, a maglev system is used which is newly designed and
assembled by a team of graduate students at the Maglev Microrobotics Laboratory. The
stator consists of square hollow-core coils and manipulates a levitated 2-D Halbach array
mover. Three equipment setups are tested in this thesis: the 64-coil prototype with camera
feedback, the 64-coil prototype with laser sensor feedback, and the MagFloor with camera
feedback. The contributions of this thesis include the implementation of levitation through
controller design and system integration, comparison of levitation precision, step responses,
and trajectory tracking between the three setups, and improving the system performance
through more advanced methods.

A PID control loop is designed in MATLAB/Simulink, with a PID for each of the six
degrees of freedom of the mover and with a custom derivative calculation to overcome
spikes from sensor sync issues, derivative kick, and measurement noise. The overall system
integration is completed in TwinCAT and includes a visualization interface for user input
and control of the system. The PIDs are first tuned by levitating the mover on a 64-coil
prototype stator using a camera-based motion tracker for position feedback.

As expected, levitation precision is most precise with the eight laser sensors, with a
precision of 0:005mm in the Xyz translation directions and 0:002° in the rotations.
Conversely, the precision with the cameras is 0:008 mm in xy, 0:011mm in z, 0:003° in |
and 0:002° in . Using the cameras further away on the MagFloor, the precision is reduced
to 0:03mm in Xyz, 0:015° in  , and 0:01° in . The best step performance is found with
the camera system on the 64 coils. For an 8 mm step in the X-axis with this setup, the rise
time is as little as 0:045s, the 2% settling time is 0:088s, and the overshoot is 0:275 %.
Using ramp trajectories on the MagFloor, the maximum speed is found to be 500 mm=s in
the Xy plane and 75 °=s about the yaw rotation, which can achieve the full 360° range.

The levitation performance is further improved through the addition of a state estimator
and an iterative learning controller (ILC). The state estimator compensates for the 7ms
system latency when using the camera feedback. This reduces the force and torque error,
resulting in smaller fluctuations and raising the maximum speed. With this strategy, the
maximum speed on the MagF'loor is increased to 1000 mm=s in Xy and 360 °=S in yaw. The
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tracking error is reduced through the addition of ILC on top of the state estimator. On the
64 coils, the mean absolute error in X during the 500 mm=s region of an X-ramp decreased
from 4:862mm to 0:397 mm from the first to tenth iteration. The fluctuations in the
levitation gap and the rotation axes are also reduced. The most significant improvement
is seen in the 64-coil prototype, which has smaller measurement noise than the MagFloor.

Lastly, further improvements to the system are discussed as potential future work.
These include improvements to methods discussed in this research as well as the next steps
towards realizing a planar motor for conveying or flexible manufacturing applications.
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Symbol Convention

To make the notation as clear as possible, letters with an arrow abovE) refer to vectors,
letters with a hat above () refer to unit-length vectors, bold-face capital letters R) refer
to matrices, and italic letters (x) refer to scalars.

There are multiple coordinate systems used throughout this document, and these may
be denoted with subscripts or superscripts. For instance, the rotation matrik §' denotes

a matrix that can convert a vector in the global coordinate system,F9, to the mover
coordinate system through the equationF™ = R7F®.

The coordinate systems will be denoted with

" m for the mover coordinate system at the bottom-center of the magnet array,
" cfor the coil coordinate system at the top-center of the winding,
" f for the laser sensoframe coordinate system,

" and g for the global coordinate system at the center of the coil array.

Note that these letters may also be used to denote the location of one coordinate system
within another. For instance, m9 = (mg; m¢; mJ) is the position of the mover inglobal
coordinates ande™ = (¢';q';c)') is the location of a coil inmover coordinates. For
the sake of convenience, the position of the mover is often simply referred as(arny; z)
location, rather than the full (m¢; mg; mJ). When a coordinate system is not given, it is
usually in the global coordinates. Similarly, the angle§; ; ) refer to the angles between
the global coordinates to the mover coordinates, unless otherwise speci ed.
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Chapter 1
Introduction

1.1 Introduction to Magnetic Levitation

Magnetic levitation (Maglev) systems are of increasing interest in many industries and
have been a popular research topic in recent decades. Maglev systems aim to suspend an
object without any mechanical connection through the use of magnetic elds. Typically,
this involves utilizing electromagnetic colils to levitate a magnetized object, or conversely,
suspending electromagnetic coils above permanent magnets. While maglev often utilizes
permanent magnets, levitation can also be achieved using paramagnetic materials such as
aluminum, when subjecting them to a time-varying magnetic eld to produce eddy currents
and a magnetic eld in the opposing direction.

The primary advantage of maglev technology is that it eliminates contact between two
surfaces. This means friction between the surfaces can be eliminated, resulting in more
energy-e cient operation while producing less noise, vibration, and dust. The reduced
friction enables high-speed processes, such as Maglev trains [1] and high-speed electri-
cal machines using active magnetic bearings (AMBSs) [2]. The dustless aspect of maglev
transportation makes them particularly suitable for applications sensitive to contamination
and requiring a clean environment, such as OLED display transportation [3, 4] and wafer
transportation [5, 6]. The reduced vibrations of Maglev are of signi cant importance to
high-precision applications like photolithography [7]. With the ability to provide force-at-
a-distance, maglev is being investigated for remote-manipulation and wireless-actuation
tasks in robotics [8]. For instance, magnetic micromanipulation could be used in the
medical eld to provide control over surgical devices and drug containers inside a human
body [9, 10]. Other applications of maglev include levitated rotary tables [11, 12] and
levitating a workpiece during metal additive manufacturing [13].

The focus of this thesis is on a magnetically-levitated planar motor (MLPM). This type
of system consists of a at stator capable of manipulating a levitated mover within a planar
area. Since the mover is levitated, it must be controlled in six degrees of freedom (DOF),
which includes three translational axegx;y;z) and three rotational axes (roll, pitch, and
yaw given by , ,and ). These systems typically support longer ranges in the horizontal
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axes and some designs can even achieve unlimited yaw rotation, but the vertical axis and
roll and pitch are limited. With smart design, stators can be made into modules which
can be joined together to achieve any desired range or route of transportation of levitated
objects, thus establishing a planar electromagnetic conveyor [14]. This has the potential
to revolutionize manufacturing and conveying applications.

Figure 1.1 shows the large maglev planar motor constructed in the RoboHub at the
University of Waterloo by the maglev team from the Maglev Microrobotics Laboratory.
The 6 8 ft. platform consists of eight stator modules of square coils mounted on a lift,
which is stored in a pit. The system can be lowered and covered to open the space for
other purposes. When in use, it is raised so its surface is approximately oor level. As
such, it is named the Maglev Floor, or MagFloor for short. The MagFloor can levitate
a moving 2-D Halbach array of permanent magnets anywhere on its surface and utilizes a
set of four motion-tracking cameras to provide the position feedback for the control loop.

Figure 1.1: MagFloor raised to highest position.
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Much of the research was completed on a smaller prototype of the MagFloor consisting
of 64 coils for a2 2 ft. area, as shown in gure 1.2. This prototype consists of the
same design as the MagFloor with the same coils, frame structure, current ampli ers, and
control unit, and is simply a smaller version of the MagFloor, except the cameras can be
placed closer. In this research, successful levitation of a 2-D Halbach array of permanent
magnets is achieved on both the 64-coil prototype and the MagFloor. Performance is
compared between the two systems and between using laser sensors versus cameras on
the 64-coil prototype. Improvements are also tested to the basic control strategy, such as
adding a state estimator to compensate for the measurement delay and using an iterative
learning controller (ILC), which are shown to improve performance. The objectives and
contribution of the research are further discussed in section 1.3.

Figure 1.2: 64-coil prototype with mover levitating using camera feedback.
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1.2 Application to Flexible Manufacturing

Modern manufacturing is continuously changing due to ever-evolving products, increased
levels of customization, increased product variety, shorter product life cycles, variability
in demand, and global competition. Because of these trends, manufacturing facilities need
to be highly exible and capable of producing multiple products with varying volumes to
meet current demand. Traditional manufacturing approaches aimed toward high-volume
production take signi cant time to modify layouts and routing for di erent products. As
such, a exible manufacturing system (FMS) seeks to solve these issues by becoming more
adaptable to changing product needs and requirements. Manufacturing exibility can be
split into several dimensions as shown in table 1.1 [15, 16]. Note that other sources include
other dimensions such as material handling exibility, program exibility, market exibility,

and labour exibility [16, 17].

Table 1.1: Flexibility dimensions and their de nitions. [15, 16]

Flexibility dimension De nition

Machine exibility Various types of operations that the machine can perform with-
out requiring prohibitive e ort in switching from one operation
to another

Operation exibility Ability of a part to be produced in di erent ways

Routing exibility Ability to produce a part by alternative routes through the
system

Volume exibility Ability of the manufacturing system to be operated pro tably

at di erent levels of overall output
Expansion exibility Ease with which manufacturing system capacity and capability
can be increased when needed

Process exibility Set of part types that the system can produce without major
set-ups
Product exibility Ease with which new parts can be added or substituted for

existing parts
Production exibility  Universe of part types that the manufacturing system can pro-
duce without adding major capital equipment

Manufacturing exibility is required to respond to both internal changes and exter-
nal forces. Internal changes can include equipment breakdowns, variable task times, de-
lays, rejects, and rework [16]. External forces can include a changing level of demand,

4
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product prices, product mix, availability of resources, consumer preferences, technological
innovations, regulations, and more [16]. To enable exibility to these changing require-
ments, many components are involved in the FMS. These components can be classi ed
into machine tools, materials handling systems, storage areas for in-process inventory, and
computer control [18].

In the context of materials handling, some older solutions to sorting and distributing
products to various production pathways include powered sweeps, pop-up rollers, pneu-
matic pushers and swivelling wheels. These must be installed at each pathway junction,
and it is not possible to add, for instance, pop-up rollers into the middle of a conveyor
belt track without signi cant redesign. To increase versatility, omnidirectional conveyors
have been developed as shown in gure 1.3. These conveyors utilize omni-wheels to inde-
pendently move objects in any planar direction and can also rotate objects about the yaw
axis for proper alignment. These omnidirectional platforms enable highly exible material
ow and can easily be extended by adding more modules [19, 20]. They can also increase
e ciency as only the wheels below products need to be powered on, and the wheels them-
selves are lightweight, so energy is predominantly spent moving the payload and not the
components of the system.

(@) Celluveyor by Cellumation [21] (b) Omnia Wheel Conveyor [22]

Figure 1.3: Omnidirectional conveyor systems.

Another approach to increase exibility in manufacturing, warehouse, and distribution
environments is to utilize autonomous mobile robots (AMRS), such as those o ered by
Fetch Robotics Inc. shown in gure 1.4. The Fetch robots consist of several standard
bases capable of supporting payloads from 100 to 1500 kg, with a variety of products
mounted on top, such as connections to move pallets, carts or shelves, or powered top
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rollers to integrate with conveyor systems. The Freight100 base product can move at 1.5
m/s, turn in place, run for 9 hrs, and has a variety of sensors and software built-in. [23]

Figure 1.4: Autonomous Mobile Robots by Fetch Robotics Inc. [23]

Similar to the omnidirectional conveyors using omni-wheels, maglev planar motors en-
able exible and independent trajectories of levitated objects. However, MLPMs have all
the advantages of maglev technology, including the contactless operation eliminating fric-
tion and reducing noise, vibration, and dust. Due to the lack of moving parts, they require
less maintenance and the stators can even be encased to become waterproof if required for
the manufacturing process. Maglev planar motors can drive anywhere on the stator on
any path, o er nearly instant directional change, and provide very high-precision control.
Because of the high-precision control, maglev planar motors can be more than conveying
mechanisms and can integrate directly into machining processes, reducing the complexity
of other machining tools. To aid in manufacturing tasks, the movers could also be attracted
to the stator, instead of repelled, to magnetically lock them at a workstation.

A few commercial MLPMs have become available in the recent few years. One example
is the XBot by Planar Motor Inc. as shown in gure 1.5. The XBot speci es a repeatability
less than5um in all axes and supports full36C° rotation about the z-axis. The movers
range from a size ofi20 120 10 mm?® with a payload of 0:6 kg to the largest size of
450 450 16 mn? with a payload of 144 kg. It can levitate with a gap between0:5
to 4 mm, move up to a maximum speed o2 m=s, and accelerate a0 m=s’>. Each stator
module has dimensions d240 240 70 mn?¥, requires a supply voltage of 48 VDC, and
can be arranged in any layout. [24]
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Figure 1.5: XBot by Planar Motor Inc. [24]

Another commercially available MLPM is the XPlanar by Beckho Automation Ltd.
as shown in gure 1.6. The XPlanar has similar speci cations to the XBot and can rotate
a full 36 about the z-axis, tilt in other axes up to5°, levitate up to 5mm, and move up
to a maximum speed of2 m=s. The position resolution is1lum in (x;y;z) and 0:002 in
the rotation axes, and the repeatability is50um in (x;y), 60um in (z), and 0:1° in the
rotation axes. The movers range from a size @13 113 12 mn? with a payload of 0:4 kg
to the largest size 0f235 235 12 mn? with a payload of 4:2kg. For larger payloads,
the movers can be mechanically coupled or operated as a group. The stator modules have
dimensions 0240 240 67 mn? and can be arranged in any layout. [25]

Figure 1.6: XPlanar by Beckho Automation Ltd. [25]
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1.3 Objectives and Contributions

This research demonstrates the successful implementation of a modular maglev planar
motor which was newly designed by a team of graduate students at the Maglev Micro-
robotics Laboratory. This planar motor operates without contact between the mover and
the stator, removing friction to reduce noise, vibration, and dust, and reduce the need
for maintenance. The system can achieve high-precision motion on any desired trajectory
on the platform, and the stator modules could be arranged in any desired layout per the
facilities' requirements. Overall, maglev planar motors have the potential to revolutionize
the manufacturing industry and substantially increase system exibility.

The design of the electromagnets and stator structure used in this research was com-
pleted as prior work by Dr. Xiaodong Zhang and Chanuphon Trakarnchaiyo, and the
design of the 2-D Halbach array mover was completed in parallel by Zhenchuan Xu.

1.3.1 Main Objectives

To achieve the implementation of the maglev planar motor, the following main objectives
were set:

1. Achieve levitation with the maglev system through completion of system integration,
controller design, and controller tuning.
" Tune the internal Pl controllers in the current ampli ers.

" Complete system integration in TwinCAT with a visualization interface for user
control of the system.

" Design and tune a controller for the maglev system.

2. Compare levitation performance for each of the three setups: the 64 coils with laser
sensors, the 64 coils with cameras, and the MagFloor with cameras.

" Determine the levitation precision from small step responses and the system
latency, rise time, settling time, and overshoot from larger steps.

" Determine the trajectory tracking performance, including maximum speed and
cross-axis uctuations.

3. Improve the levitation performance through more advanced techniques such as a
state estimator and an iterative learning controller.
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1.3.2 Contributions

The following contributions were achieved as a result of this research:

C1: Aided the maglev team in constructing, fabricating, and commissioning of the 64-coil
prototype, the MagFloor, and the 2-D Halbach mover.

This involved assembling each stator module, installing the electromagnetic coils, power
supplies, and power distribution boxes, completing all the wiring, installing the cover sheets
to provide eddy-current damping, testing each component, and other tasks. The MagFloor
construction was started in 2020 and completed in the rst half of 2022. The major work for
assembling the mover involved epoxying the 2-D Halbach array of 120 permanent magnets
into the machined aluminum frame. It also included designing and fabricating at plates
against which the laser sensors can measure.

C2: Completed system integration in TwinCAT, developed a PID control loop to avoid
derivative spikes, and tuned the controller.

As a rst step to the system integration, the internal PI controllers in the current ampli ers
were tuned and tested to determine response time and bandwidth. Next, a basic PID
control loop was designed in MATLAB/Simulink and within the control loop, the force
and torque model developed by Xu et al. [26] was integrated for use in the wrench method
to determine coll current targets. Due to instability caused by derivative spikes during
initial testing, a custom method was developed for calculating the derivative to improve
stability. The overall system integration was completed in TwinCAT for running on the
Beckho server PLC. A visualization interface was designed in TwinCAT for control and
user input to the maglev system, with methods for generating and logging trajectories in
real-time. The PIDs were rst tuned on the 64-colil prototype using camera-based position
feedback and successful levitation was achieved.

C3: Implemented levitation using the laser displacement sensors for position feedback.

This rst involved designing and constructing a frame to hold the eight laser displacement
sensors in position above the 64-coil prototype. The frame was designed such that the
eight sensor heads can move together and the apparatus can be easily re-positioned above
the 64 coils for testing in various locations. An algorithm was also developed to convert
the eight linear displacement readings into the 6-D position and orientation of the mover,
with a method for calibration.
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C4: Compared levitation performance between each of the three setups: the 64 coils with
laser sensors, the 64 coils with cameras, and the MagFloor with cameras.

First, the measurement noise of each system was found before the levitation. Then, the
levitation precision with each setup was determined by taking very small steps. Using
larger steps below saturation, the step responses were found to determine the rise time,
settling time, overshoot, and latency. Using smooth ramp targets, the maximum speed
and uctuations in the levitation gap and rotations were found. The tracking performance
to other trajectories such as a circle and gure-eight was also found.

C5: Improved the levitation performance through the implementation of a state estimator
and an iterative learning controller (ILC).

A state estimator was implemented to compensate for the delay between the sensor mea-
surements and the coil actuation by using the velocity of the mover and the control e ort

to update the delayed measurement to the current position. This increased the maximum
speed and reduced the uctuations in the levitation gap during movement. An iterative
learning controller was then tested, which improves the performance on repeated iterations
of a given trajectory by learning modi cations to the control e ort from the position error.
Using ILC, both the xy tracking performance was improved and the uctuations in other
axes were reduced.
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1.4 Thesis Outline

The remaining chapters in this thesis are organized as follows:

Chapter 2 starts with a literature review on planar maglev systems and then discusses
relevant theory pertaining to the implementation of the planar maglev system in this
thesis. For better context, the four coordinate systems and the transformations between
them are introduced. Some background on the Lorentz force and magnetic nodes method
is discussed. Finally, a summary is provided of the real-time approach used in this thesis
to estimate the forces and torques by using a harmonic model and Fourier series.

Chapter 3 presents the system setup, starting with the design of the stationary electro-
magnetic coil array and the permanent magnet mover. An overview of the experimental
setup is provided, showing the ow of data between devices. Preliminary testing of the
current ampli ers is shown, with plots of responses to step and sinusoidal current targets.
Lastly, some safety precautions are discussed.

Chapter 4 shows the design of the proportional-integral-derivative (PID) control loop
and wrench method for determining current targets. Other features are also discussed,
such as methods for dealing with derivative kick, rotating the yaw past the discontinuity
of 180, dealing with slight variations in the surface level of the MagFloor, and improving
the performance when one or two coils are saturated.

Chapter 5 discusses the two measurement systems of the Vicon cameras and laser
displacement sensors. The algorithm to convert from the linear displacement readings of
the laser sensors to the 6-D position and orientation of the mover is described. Finally, the
measurement noise during a static placement of the mover resting on the stator is shown
for each system.

Chapter 6 presents the results of sets of tests performed while levitating on each system,
such as small stepping near the measurement precision, larger step responses to determine
system latency, rise time, settling time, and overshoot, and trajectory tracking of motions
such as ramps and a circle.

Chapter 7 is a preliminary investigation into improvements to the control design, such
as adding a state estimator to compensate for the system delay and implementing an ILC.
The results of testing these improvements are shown.

Chapter 8 concludes the research and suggests future work to improve the system.
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Chapter 2

Literature Review and Related Theory

2.1 Planar Maglev in Literature

Planar motors commonly utilize repulsive levitation above the stationary stage, since this
makes it easier to handle large weights, which can start resting on the stationary stage.
An early exception did not levitate and instead utilized a permanent magnet mover resting
on ball bearings, with a stator above [27]. It is also common for the electromagnetic coils
to be stationary and support a permanent magnet mover. However, some systems utilize
moving coils above an array of permanent magnets instead [28, 29]. In this case, there are
fewer coils and the electrical complexity is simpler. However, moving coils have increased
weight and the added challenges of cooling the coils and routing the electrical wires to
energize them. These challenges make moving coil systems not viable for a exible maglev
conveying system. Among planar levitation systems, there are a variety of stator and
mover designs, modelling approaches, and control schemes.

2.1.1 Stator Designs

Planar magnetic levitation has been reported as early as 1993, where a small cylindri-
cal permanent magnet was levitated above ve iron-core electromagnets [30]. In 1998,
a high-precision magnetic levitation stage for photolithography was achieved through the
levitation of a mover consisting of four 1-D Halbach arrays [7]. In this system, the levitated
mover operated within a motion range of 50 mm by 50 mm, and with as low &1m RMS
positioning noise inx andy. This type of system is composed of sets of moving magnet
linear motors (MMLMSs), where each 1-D Halbach array is above a coil that can provide
2-DOF forces. The combination of four sets of MMLMs allows for complete 6-DOF control
of the mover. In 2017, a model of the eddy current damping and end-e ects of the 1-D
Halbach array was developed [31], and in 2019, a dual-stage maglev system was added to
further improve the positioning precision [32]. While planar maglev systems composed of
sets of MMLMs can achieve very high precision, they have a limited range of motion as
the magnets cannot move o of their paired coil.
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Several coil topologies, magnet arrangements, and electromechanical models were stud-
ied in Jansen's 2007 PhD thesis [33]. Within this study, a herringbone pattern of rectan-
gular coils in the stator paired with a moving 2-D Halbach array was particularly e ective
as this aided in decoupling forces for easier computation and control [34]. In this setup,
the mover can move between coil sets to achieve a much larger motion range than those
composed of sets of MMLMs. However, the herringbone pattern cannot be easily split
into modular sections for a customizable conveyor system and also has the disadvantage
of directional inconsistency in performance since it is not symmetrical.

Other designs solve the directional inconsistency of the herringbone pattern, such as
the double-layer planar motor (DLPM) presented by Rovers et al. [35, 36], and recently
continued in a method for active deformation control of the mover [37]. The DLPM consists
of two layers of rectangular coils where the top layer is oriented perpendicular to the
bottom, and can remove the directional inconsistency. As an added di culty, the thickness
of each layer must be carefully designed in order for the layers to have similar contributions.

Another design utilizing multiple layers is a printed circuit board (PCB) approach [14,
38, 39]. In these systems, the PCB has layers of approximately straight conductors oriented
perpendicularly to simplify electromechanical modelling. These systems also have the ad-
vantage of tighter manufacturing tolerances. However, due to PCB limitations, the number
of layers and the thickness of the conductors is limited, thus limiting the electromechanical
strength of the stator. The PCB approach is utilized in both the commercial products of
XBot and XPlanar, discussed in section 1.2.

For a strong and symmetric design, an array of circular or square coils can be used [40,
41]. Between these choices, circular coils are easier to model electromechanically due
to their axisymmetric nature, while square coils have a greater packing density of the
magnetic eld for the same spacing [42]. Both square and circular coils haxgy directional
consistency due to their symmetry, and they are easy to divide into modular sections for
a customizable layout. An array of square coils is used in the stator in this research.

2.1.2 Mover Designs

Three main permanent magnet mover designs are four 1-D Halbach arrays [39], a 2-D
Halbach array [34], and disk magnets [43]. Halbach arrays utilize a speci ¢ arrangement
of magnets oriented in horizontal and vertical directions, which concentrate the magnetic
ux towards the bottom, with the added bene t of a less signi cant eld above the mover
towards any payload [44]. Halbach arrays have a greater magnetic eld strength compared
to NS arrays composed of only vertically magnetized segments of the same pole pitch [39].
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See gure 2.1 for an illustration of a 1-D Halbach array. In mover designs, it is common
to utilize four 1-D Halbach arrays along the four sides of the mover to achieve the 6-DOF.

Figure 2.1: Example magnetic eld of a 1-D Halbach array [45].

Another approach utilizes permanent disk magnets in the mover. Due to the axis of
symmetry, using only one disk magnet allows 5-DOF motion control, but using two or more
disk magnets can achieve full 6-DOF control [42]. In 2013, by utilizing two permanent disk
magnets above a set of circular coils, large rotation ranges o#(° in roll, 15° in pitch,
and unlimited yaw were achieved [43]. In addition, Miyasaka and Berkelman proposed a
novel cube con guration of disk magnets to achieve an unlimited omnidirectional rotation
range [46].

A 2-D Halbach array extends the same Halbach pattern of orienting the magnets to
both horizontal directions to create a two-dimensional array. While 1-D Halbach arrays
create 2-D magnetic sinusoidal magnetic elds, 2-D Halbach arrays create 3-D magnetic
elds, which improves the power e ciency for large displacements [47]. However, since 2-D
Halbach arrays increase the modelling complexity and have more signi cant force ripples,
multiple 1-D Halbach arrays are simpler to implement [44]. Modi cations to the traditional
2-D Halbach array have also been proposed to reduce the error of the harmonic model,
such as adding45° magnetized magnets [48] or using magnets of di erent heights and
intensity [49]. In this research, a standard 2-D Halbach array was chosen for the mover
due to its strong magnetic eld on the bottom, sinusoidal nature of the magnetic elds to
simplify modelling, and greater power e ciency compared to 1-D Halbach arrays.
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2.1.3 Modelling Methods

Maglev planar motors must model the forces and torques on the mover provided by the
electromagnetic coils to determine the current targets to send at each sampling interval.
Three common methods for calculating forces in electromechanical systems include Maxwell
stress, virtual work, and Lorentz force [50]. Finite-element packages often use the Maxwell
stress or the virtual work method since this works between both current-carrying objects
and non-current-carrying objects. However, the Lorentz force method is computationally
much faster and is suitable for planar motors since the coils are current-carrying. To
calculate the Lorentz force, a model of the magnetic ux density of the permanent magnets
is required, which can be found using the magnetic surface charge model [50], the magnetic
node model [51], and nite element methods [43]. Then, to nd the Lorentz force, the
integral must be solved over the current-carrying conductor.

Especially in the case of nite element methods, the computation is much too slow to
perform in real-time for control of the system. One method to mitigate this issue is to utilize
a lookup table to store how much force and torque per unit current can be generated for
each colil at each location respective to the mover [40, 43, 52]. This means pre-calculating
the force and torque values for a range and resolution of discrete positions. To achieve
good accuracy, a ne resolution is needed, which causes the table to grow very large for the
six degrees of freedom of the mover, resulting in signi cant o ine computation and online
memory usage. As such, methods have been proposed for analytical or real-time methods
for various mover and coil shapes.

In the case of rectangular coils under a 2-D Halbach array, early work developed three
approaches: the magnetic surface charge approach which treats each magnet separately;
a harmonic model to solve the volume integral for the long straight segments of the coill
analytically and reduce the corner segments to a numerical surface integral; and a fully
analytical model using only the rst harmonic and neglecting the corners [34, 53]. In sub-
sequent research, it is common to simply use the real-time analytical model which treats
the coil as four straight segments and neglects the corners [29, 54, 55]. In 2013, a real-time
method considering the corners of a rectangular coil was developed using composite nu-
merical integration and the Newton-Leibniz formula [56]. In addition, real-time numerical
solutions using the magnetic nodes and Gaussian quadrature were successfully implemented
on a eld-programmable gate array (FPGA) [57]. As another approach, an o ine method
to optimize the design parameters of a 2-D Halbach array above a rectangular or square
coil was developed using the magnetic charge method and Gaussian quadrature [58].

Real-time models have been proposed for analytically solving the volume integral for a
2-D Halbach array above circular coils [41] and square coils [59]. To enable these real-time
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methods, the magnetic ux density under the center of a 2-D Halbach array is approximated
using a harmonic expression of sinusoidal waves [49]. To estimate the magnetic ux density
in the end e ect of a 2-D Halbach array over an arbitrary coil shape, it has been proposed
to utilize Fourier series [60]. A real-time method was recently developed by Xu et al. [26]
which estimates the forces and torques using the rst harmonic in the center of the 2-D
Halbach, a third-order Fourier series in the edge regions, and uses superposition for the
corners. This method is used in this research and is discussed further in section 2.4.

2.1.4 Sensor Systems

There are several main types of sensor systems used to provide position feedback in planar
maglev systems: laser interferometers [7], laser triangulators [40], Hall e ect sensors [61],
capacitive sensors [31], eddy-current sensors [29], and camera-based motion trackers [42].
Capacitive sensors and eddy-current sensors are both short-range proximity sensors that
can be used below the mover to accurately measure the levitation gap and the pitch and
roll rotations. Laser displacement sensors are often utilized to measure against the sides of
the mover to determine thex;y translations and yaw rotation. Of the laser displacement
sensors, laser interferometers have much ner measurement precision than laser triangula-
tors, but are more complex to set up. However, a con guration with laser sensors on the
side and proximity sensors below the mover is not suitable for unlimited planar range since
the mover can easily move out of range of the laser sensors.

To achieve an unlimited planar motor, two common approaches are to utilize Hall
sensors in the stator or to use camera-based motion trackers. Hall sensors can detect the
magnetic eld of the mover, so many Hall sensors spread throughout the stator can be
used to determine the 6-DOF position and orientation. However, maintaining accuracy
with Hall sensors is di cult due to errors caused by higher harmonic components of the
magnet array and manufacturing tolerances, so model parameters may vary with position
and between magnet arrays [61, 62].

In this research, a Vicon camera motion tracking system is utilized, similar to the
work by Zhang et al. [42]. The camera-based system readily accommodates long-stroke
applications and with just four cameras, the entire 6 x 8 ft. area of the MagFloor can be
covered with sub-millimetre resolution. Since the cameras detect markers on the mover, it
is easy to switch mover designs and no new sensing model is required as would be for Hall
sensors. With automatic camera switching, individual cameras can be placed closer to see
only part of the area, such that multiple sets of cameras can be utilized to achieve the full
range. With this ability, a theoretically in nite motion range can be measured. In general,
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adding more cameras would increase accuracy and reduce measurement noise. Additionally,
a set of eight laser triangulators is also separately tested to provide measurement feedback
to demonstrate higher precision control. In a more advanced setup, a large motion range
could be accommodated by a camera-based tracker, while higher precision, shorter-range
sensing could be installed in speci c locations where needed.

2.1.5 Controller Designs

Most research in maglev planar motors utilizes classical controllers such as the PID or lead-
lag controllers. Recently, interesting research has been conducted into iterative learning-
based controllers. In 2016, Hu et al. [63] proposed learning adaptive robust control (LARC)
which contains an adaptive robust control (ARC) term and an iterative learning control
(ILC) term in series. The ARC term can provide parameter adaption and robustness to
uncertain disturbances, while the ILC term is set to modify the reference under repetitive
tasks to achieve excellent tracking performance. For some tasks, the overall contour error
IS more important than the time-based position error. For this, a Newton-ILC method has
been proposed which estimates the contouring error and uses iterative learning to adjust
the reference commands to improve accuracy [64]. Iterative learning has also been proposed
to aid in the identi cation of the repeatable errors caused by the trajectory and force ripple
and separate them from errors caused by mechanical vibration and measurement noise [65].

A disadvantage of ILC is that it requires repeated iterations of each trajectory and
does not perform well with slight changes in the trajectory. In [66], feedforward control is
switched between ILC and a data-based xed-structure feedforward control depending on
whether the references are repeated, so that performance is still improved on new trajec-
tories. Alternatively, a projection-based ILC (P-ILC) was proposed which uses frequency-
domain-based design and basis functions to t the reference trajectory to be applicable to
varying tasks [67]. In 2021, a feedforward reference modi cation prediction strategy using
gated recurrent units (GRU) was proposed to improve tracking performance [68]. This
strategy trains a GRU neural network to learn the relationship between trajectories and
reference modi cation and can provide reasonable trajectory modi cation for new trajec-
tories. In 2022, an online iterative learning compensation method was proposed which is
based on model prediction [69].

The standard ILC is tested in this research as a preliminary step to improving the
levitation performance as it is simple to implement and e ective for repeating tasks. The
ILC implementation in this research also takes into account the system latency to modify
the feedforward control based on the delayed measurements.
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2.2 Coordinate Systems

There are three main coordinate systems used to describe the setup, as shown in gure 2.2.
The global coordinate system[Xg; Yy; Zg] is located at the center of the coil array, at
the top of the winding of the coils. Eachcoil has its own coordinate systeniX; Yc; Z],

and the location of a coil in the global coordinates is? = [¢};c);c]]. The mover has a
coordinate system[X,; Ym;Zm] located at the bottom center of the magnet array which
translates and rotates with the mover. The position of the mover in the global coordinates
is given by m9 = [mg;m¢; mJ]. To simplify the calculation, the forces and torques on the
mover are rst calculated in the mover coordinate system, and each coil is described in
mover coordinates ag™ =[¢'; ¢f'; ¢;']. Figure 2.2 shows these coordinate systems for the
64-coil prototype and they are similarly set up for the MagFloor.

Figure 2.2: System coordinates, shown from the top.
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The Vicon camera motion tracking system is set up such that its global coordinate
system is aligned with the global coordinates at the center of the coil array, and as such,
the measured 6-D position of the mover is given in the global coordinates. However,
an extra coordinate system is needed for the laser displacement sensors. Since the laser
sensors have a much shorter measurement range, the eight laser triangulators are mounted
on a custom aluminum frame such that all eight sensor heads can move together and be
positioned where desired above the 64 coils. The position of this senf@ame creates
another coordinate systenX;; Ys;Z¢], such that if the mover were aligned with it, all
laser sensor heads would return approximately zero. Using the laser sensors, the mover's
6-D position is rst measured in the frame coordinates and then transformed into the
global coordinates to be used in the controller. This process is detailed in section 5.3.

Euler angles in the XYZ form are used to describe the roll (x-axis rotation), pitch (y-
axis rotation), and yaw (z-axis rotation) of the mover with respect to the global coordinate
system, denoted by , , and , respectively. Coordinates can be transformed from one
coordinate system to another using a rotation matrix. For example, a coil location in mover
coordinates can be found from

¢ = Rg'(cs  mo), (2.1)

whereR g describes a rotation from global to mover coordinates.

The rotation matrix in the XYZ form corresponds to threeintrinsic rotations about the
X, Y, then, z axes, where each rotation is about theew coordinate axes from the previous
rotation. This is equivalent to three extrinsic elementary rotations in the reverse order
about the z, y, then x axes of the same angles, where the rotations are about xed external
axes. Note that rotation matrices left multiply the vector, so the matrices are applied right
to left. Therefore, an XYZ rotation matrix is given by

Ryyz = szRsz; 3 (2.2a)
1 0 0
where R, =40 cos() sin( )d9; (2.2b)
0 sin() cos()
2 _ 3
cos() O sin()
Ry = 0 1 0 95; (2.2¢)
sin( ) 0 cos( )3
cos( ) sin() O
and R,=4sin() cos() 09: (2.2d)
0 0 1
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2.3 The Lorentz Force and Magnetic Nodes

In order to properly levitate and manipulate the mover with the electromagnetic coils, it
IS necessary to have a relationship between the current in each coil and the forces and
torques applied to the mover. In this type of system, the mover levitates via Lorentz
levitation, as the forces are generated in current-carrying conductors (the electromagnetic
coils) immersed in external magnetic elds (from the permanent magnets of the mover) [70].
The Lorentz forceF, is the force experienced by a current-carrying conductor with current
T in an external magnetic eld with magnetic ux density B. The Lorentz force per unit
length of a conductor is given by

FL=T B: (2.3)

To calculate the Lorentz force, it is necessary to estimate the magnetic ux density
provided by the external magnet. One approach is to use the magnetic nodes method,
proposed by F. Bancel in 1999 [51]. The magnetic nodes approach models a parallelepiped
magnet with uniform magnetization, such as a cuboidal magnet, by setting nodes at its
eight corners, as shown in gure 2.3. The approach comes from Maxwell's equations and
models the magnets as a distribution of equivalent magnetic charges to compute the force.
This assumes that the magnet is an ideal magnet with xed and uniform magnetization. It
also assumes that there are no other materials which disturb or contribute to the magnetic
eld, such as a ferrous core of a coil. Since the coils in the planar motor used in this
research have cores of hollow aluminum square channels, this is a reasonable assumption.

Figure 2.3: Representation of a cuboidal magnet using magnetic nodes [51].

20



MASc Thesis Curtis Stewart 2.3. The Lorentz Force and Magnetic Nodes

Using the magnetic nodes method, the magnetic ux density at poinP produced by
the magnetic nodek at each corner can be expressed by

P
By = 4—kln yr+ X2+ y2+ 72, (2.4a)
p
By = 4—kln Xp+ X2+ y2+ zrzl; (2.4b)
Xt Yr

B,k = 4—k arctan p (2.4¢)

wherex, = X X, Yr =Y Yk, Z = Z Z, and  is the magnetic chargeJ, which is
given by the remanence of the permanent magn&;, with sign as indicated in gure 2.3.
Note that these ux densities are given in the coordinate system of the magnet, which is
oriented the same as thenover coordinates[X ; Ym;Zm]. The total magnetic ux density

at point P is the summation of the ux density from each of then nodes, from each of the

h magnets
;o XX
Bp = BX By Bz = Bi: (25)
=1 k=1
The total force on an electromagnetic coil under the magnetic eld of the mover can
then be found by the volume integral of the Lorentz force in equation (2.3). The force on
the mover produced by a coil will be equlzand in the opposite direction and is given by

F = T BdV; (2.6)

where B is the magnetic ux density at the center of each element of integration, found
through equation (2.5). The torqueT on the mover is then the integral of the cross product

of the torque arm and the Lorentz force
277

T= + ( B)dv; (2.7)

where+ is the distance vector between the center of mass of the mover to the center of the
current element.

The volume integral for the force and torque contribution of a coil can be computed us-
ing a numerical method which splits the coil into a mesh of many small elements. However,
this method of integration to nd the forces and torques is computationally expensive and
not suitable for real-time control. As the controller runs at 1000 Hz in this system, the
force and torque contributions for all coils must be estimated well within 1 ms for real-time
control. To achieve this speed, a data-driven method is utilized to develop functions to
quickly estimate the total forces and torques of each coil.
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2.4 Force and Torque Modelling

A 3-D data-driven force and torque modelling method developed by Xu et al is utilized
in this system for real-time force and torque estimation [26]. This method uses a set of
sinusoidal functions and Fourier series to directly estimate the forces and torques based
on the relative location of a coil under the mover. The functions result from curve tting

to data generated using the Lorentz force numerical integration technique with magnetic
nodes described earlier.

The area under the Halbach array is divided into nine regions: a central region, four
edge regions and four corner regions. By splitting the area into these separate regions, the
edge e ect of the 2-D Halbach array is considered, while maintaining good accuracy in the
center. Under the central region of the Halbach array, the forces produced on the mover
can be modelled with harmonic functions using

_ 3
Kx cos( x)sin( y)

Feener(G05 65 63') = 1 4K sin( ) cos( )9 ; (2.8)
Kz sin( x)sin( y)
where , = cJ'=, = CQ‘: and | is the current input to the coil. Ky, Ky and K,

are exponential decay functions related t@)'. In [26], it is shown that the edge e ect can
be modelled using a modi ed third-order Fourier series by considering the amplitude and
frequency to change with the levitation height. For examplek, in the top edge region can
be given byFy = IK x cos( x)f1(c]'; ¢}') wheref is the modi ed Fourier series. Due to the
symmetry of the Halbach array, only three data- t functions,f, f, and f 3, are needed to
model the forces in all regions.

The torque from a coil in the central region can be modelled using the force found
through the sinusoidal functions and an e ective torque arm . The torque on the mover
in the central region is

r§1FZ rs1Fy
T'center(@;@;c?) =4 reiFz + r(232|:x5 ; (2.9)

r2oFy r;szX
whereF,, F, and F, are the forces on the mover. Equations for the e ective torque arms
are all found through data tting. In the edge and corner regions, modi ed third-order
Fourier series also aid in modelling the torque. Due to the symmetry of the Halbach array,
only four torque components found through data- tting, t;, t,, t3 and t4, are needed to
model the torque in all regions. For the maximum 36 coil activation of the mover in this
research, the force and torques for all activated coils can be estimated witt80us, well
under the desiredl mscycle time for the controller feedback loop.
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System Setup

3.1 Maglev System Setup

The stator and mover were designed, fabricated, and assembled by the team at the Maglev
Microrobotics Laboratory. There are two separate systems used in this thesis, the rstis a
64-coil prototype and the second is a much larger Magnetic Levitation Floor (MagFloor).
The 64-coil prototype shown in gure 3.2 consists of an 8 by 8 array of square air-core coils
spaced76:2mm(3in.) apart for a total levitation area of 610 mm 610 mm(24 in. x 24 in.).
The coils are75 mmwide, 865 mmtall, and have approximately 972 turns of 16 AWG wire.
These coils are supported by an aluminum frame on top of a steel support structure which
holds the current ampli ers. The current ampli ers can provide a maximum of 80 VDC
and 10 A to each coil. The prototype also has mounting locations for the aluminum frame
which holds the laser sensors, which is discussed in more detail in section 5.2.

The MagFloor is made of eight sections of a very similar design to the 64-coil prototype.
Each section has an 8 by 12 array of square coils, for a total array 32 by 24 coils across the
MagFloor, producing a levitation area 02438 mm 1829 mm(96 in. x 72 in.). There are
four 5kW power supplies which power the MagFloor, each connected to two of the stator
sections. The MagFloor can provide a maximum of 80 VDC and 10 A to each caoil, the
same as the prototype. The stator structure is mounted on a lift in a pit which allows it to
be lowered and covered when not in use so the room can be used for other purposes. When
in use, it is raised so that its surface is approximately oor level, as shown in gure 3.3.

The mover contains a 2-D Halbach array with a six-by-
six pole layout, for a total of 120 magnets. The permanent
magnets are installed in an aluminum frame which provides
structural rigidity. The total dimensions of the mover are
337mm 337mm 26 mmand it weighs approximately6:6 kg.
The frame also has mounting locations for the re ective mark-
ers for the cameras or for the at plates for the laser sensors
as shown in gure 3.1. When the at plates are added to the Figure 3.1: Mover image.
mover, the total weight is approximately 7:0 kg.

23



MASc Thesis Curtis Stewart 3.1. Maglev System Setup

Figure 3.2: Overview of the 64 coil maglev prototype setup.

Figure 3.3: Overview of the MagFloor setup during operation.
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3.2 Experimental Setup

A Beckho C6670-0010 industrial server is utilized to control the maglev system, for both
the 64-coil prototype and the MagFloor. This acts as the programmable logic controller
(PLC) to run the control code through TwinCAT 3. The controller scheme is designed
in MATLAB/Simulink, exported to a TcCOM object, and imported into the TwinCAT
project. Another TwinCAT program is dedicated to sending the control words to the cur-
rent ampli ers to enable/disable them through their state machine and to send the current
targets once enabled. The PLC communicates to the Technosoft iPOS8010 BX-CAT cur-
rent ampli ers through the EtherCAT protocol at 2000 Hz which is the maximum the
ampli ers support. Although the Vicon system and control loop only operate al000 Hz
operating EtherCAT at 2000 Hzhelps to reduce the system delay as the ampli ers receive
the commands faster. See gure 3.4 for a diagram of the hardware connections for the
maglev system.

Figure 3.4: Hardware connection diagram.

On the 64-colil prototype, both the Vicon motion tracking system and laser displace-
ment sensors were tested independently. The Vicon cameras are connected to an Ethernet
switch which powers the cameras through Power over Ethernet (PoE). The cameras detect
re ective markers mounted on the top of the mover and send the data to a PC running
the Vicon Tracker software for processing. With at least three detected markers on the

25



MASc Thesis Curtis Stewart 3.2. Experimental Setup

mover, the system is able to determine the full 6-D position and orientation of the mover
and sends this data via a User Datagram Protocol (UDP) data stream to the PLC at 1000
Hz. A TwinCAT task is dedicated to checking and parsing the UDP messages to send the
position feedback to the controller task.

The eight laser displacement sensors are connected to a laser sensor controller which
communicates with the PLC through Ethernet/IP at 500 Hz. The laser sensors only
detect linear displacements, so further computation is needed to convert the readings into
the 6-D position and orientation of the mover. This process is done in the Simulink task
and is described in section 5.3. When using the laser displacement sensors on the 64-coil
prototype, the Vicon cameras cannot be used simultaneously due to the large obstruction
caused by the laser sensors and their mounting frame. As such, the two sensor systems were
only tested independently and never simultaneously. The laser sensors were only tested on
the 64-coil prototype, not the MagFloor.

A custom visualization interface was designed in TwinCAT for the control of the sys-
tem during operation, as shown in gure 3.5. Before levitation, there are text boxes for
modifying all the PID gains of the controller for each of the six axes. A feed-forward bias
to the F, force to o set the mass of the mover is also adjustable and was typically set at
62 N, just below the actual weight, so the integrator can quickly reach the actual value.
The controller is discussed in more detail in chapter 4. For the later ILC tests discussed in
section 7.3, commands were added for modifying the learning gains and loading and saving
trajectory les.

To start operation, the current ampli ers can be enabled through their state machine
by ipping the Driver Enable toggle. In preparation for a levitation, there is a button
to toggle the integrator gainsk; of all axes to 0, exceptz. This ensures that integrators
in other axes do not grow too large while the mover is resting on the stator with friction.
To start a levitation, the Simulink Enable toggle is ipped to enable the current targets
coming from the controller to be sent to the ampli ers. Once levitation is achieved, thig
gains are toggled back on the fully enable the controller in all axes.

During levitation, there is a modi able threshold called Max Step which controls
when a new target is directly sent to the controller as a step input. If the new position
target is further than the threshold from the previous target, then intermediate targets
are generated as a smooth ramp with acceleration and deceleration periods until the nal
target is reached. The maximum step size, speed of the ramp, and acceleration at the
start/end of the ramp are all modi able with the visualization interface. There are also
built-in trajectories such as a ramp, rectangle, ellipse, gure-eight, and others than can be
started with the interface. There are options to modify the trajectory parameters such as
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its dimensions and the number of loops. More details on trajectory generation are discussed
in appendix A. When the Log Path checkbox is enabled under the Path Toggle, data
logging will automatically start and stop as the trajectory is sent so that it is in sync. Data
logging can also be manually started via the Log Data toggle. This will log important
variables to a .csv le on the PLC at a speci ed write period up to a maximum o000 Hz

The visualization also displays useful data such as the measured 6-D position, control
e orts, maximum current, estimated power consumption, and more. If the system auto-
matically detects a problem, such as those discussed in section 3.4.2, the Simulink Enable
toggle will ip o and targets of 0 A will be sent to all coils. The Auto Disable Reset will
toggle on, preventing the system from being re-enabled unless this is manually toggled o .

Figure 3.5: Custom TwinCAT visualization control interface during operation.
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3.3 Current Ampli er Tuning and Testing

The current ampli ers each have their own internal PI controller which controls the output
voltage of the ampli er to achieve the desired target current through the coil. The internal
PI controller was con gured to run at a frequency ofLl0 kHz, and the EtherCAT commu-
nication frequency to the PLC was set at the maximun2000Hz This communication
frequency is the maximum frequency at which the current targets can update using Ether-
CAT. An ampli er was tuned and tested using Technosoft's EasyMotion Studio software
and an RS-232 connection, and then the same settings were saved and sent to all other
current ampli ers using the File over EtherCAT (FoE) protocol in TwinCAT. After tuning

the internal Pl controller of the current ampli ers, the nal gains were set to ak, of 16.49
and a k; of 1.7146, where the values of the gains are measured in internal units for the
software. Converting to Sl units using conversion factors in the documentation, the is
6596 V=A and the k; is 68584 \=(A s). The following sections show step and frequency
responses of an ampli er after tuning.

3.3.1 Amplier Step Response

After tuning the PI controller in the current ampli er, step responses were tested using
Technosoft's EasyMotion Studio software. This software allows step data to be recorded
at the full 10 kHz of the internal PI controller. See gure 3.6 for step responses of a current
ampli er connected to one of the square coils for test steps 66 A, 1A, 3Aand5A. The
output voltage of the current ampli er is also shown with the right axis.

The rise time is de ned as the time for the response to go frorh0 % to 90 % of the
steady-state value. For the four step responses tested, the rise time is abG&msfor both
the 0:5A and 1 A steps,0:6 msfor the 3 A step, and1:2 msfor the 5 A step. The maximum
voltage of the0:5 A step is36:1V and well below saturation. For thel A step, the voltage
reaches722V, which is just below saturation. The voltage saturates a73.0V for both
the 3A and 5 A step responses. Since the voltage does not saturate for small steps below
1A, it makes sense that the rise time for those step responses was the s@r@ens During
levitation, the controller operates at1000 Hzand produces a new set of current targets for
each coil everyl ms Since the current targets have only small changes between time steps
for smooth motions such as ramps, this means the current ampli ers can usually reach the
new target before the next target is received.
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Figure 3.6: Step responses with control voltage for a current ampli er.

3.3.2 Ampli er Frequency Response

To test the current ampli er under sinusoidal responses, it was connected to the PLC with
EtherCAT to send target sine waves of various frequencies. The current feedback from
the ampli er was logged and the waveforms were compared. Using the current feedback, a
sine wave at the same frequency was t to the data in MATLAB to determine the relative
amplitude and phase change compared to the input signal. This data was then used to
generate a Bode plot.

An ideal Bode plot can also be generated from the closed loop transfer functiGg(s)
settings = j! where! is the frequency in radians, and the magnitude and phase are found
from the resulting complex number. To nd the closed-loop transfer function, a model of
the plant (the coil) and the controller are needed. The electromagnetic coil connected to
the current ampli er can be modelled as an inductor and resistor in series. The voltage
can then be given by 4

[ .
V= Ldt + Ri; (3.1)
wherelL is the inductance of the coilR is the resistance of the coily is the voltage andi
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is the current. Taking the Laplace transform of this, the transfer function for the plant is

[(s) _ 1

P(s) = V(s) Ls+R (3:2)
The transfer function of the PI controller is given by
cis) = oStk (3.3)
The closed-loop transfer function can then be found using the equation
Gy(s) = P(s)C(s) _ Kps + Ki (3.4)

1+P(s)C(s) Ls2+(R+ Kp)s + ki:

However, because of the EtherCAT communication, there is a time delay both in sending
the current target from the PLC to the current amplier and in receiving the current
feedback back to the PLC. For example, the current target is generated and sent from the
PLC in cycle 1, the current target is received by the amplier and it starts to react in
cycle 2, the updated current feedback will be sent in cycle 3, and the PLC will receive the
updated current feedback in cycle 4. If the EtherCAT is running aR000 Hzand considering
cycle 1 to be time0 ms the PLC will receive the current feedback in cycle 4 at tim&:5 ms
As such, there is a minimuml:5 msdelay between the waveform sent and received by the
PLC. This time delay can be represented in the Laplace domain as®%!%  giving the
theoretical transfer function as

0:0015s KpS + Ki .
Ls?2+ (R + kp)s+ ki

Gu(s) = e (3.5)

To nd the frequency response of the current ampli ers, reference sinusoidal waves were
sent to the ampli er through EtherCAT at a communication frequency of2000 Hz These
sinusoidal inputs ranged from frequencies @9 Hz to 950 Hz for amplitudes of 1 A, 2 A,
3A and5A. See gure 3.7 for example responses for2aA test at frequencies ofl555 Hz,
3119Hz 6256 Hz and 9500Hz For low frequencies, the response closely follows the
reference, but with a delay of aboutl:5 msresulting from the EtherCAT communication.
For high frequencies, such as th@50 Hztest shown in gure 3.7, the reference shown in blue
starts to appear with a beat of varying amplitude due to the sampling of the reference
at 2000Hz Since the full amplitude is reached in some cycles for the reference, if the
response were to also reach it, the resulting curve t could still approximately reproduce
the full amplitude. For the 2 A amplitude test, the full amplitude cannot be reached at
high frequencies.
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Figure 3.7: Response for 2A amplitude sinusoidal inputs at various frequencies.

For all frequencies, a sine wave is t to approximately 500 data points from the test.
For low frequencies, these data points were spaced out to be approximately 100 points per
period of the sine wave, and for frequencies abo28 Hz, these points were space@:5 ms
apart at the maximum 2000 Hzcycle frequency of the EtherCAT. To avoid error from the
delay at the start, the rst 5msof data was ignored when doing the curve t. The curve
t equation was

f(x)= asin(2fx + ); (3.6)

where the frequencyf was set to be a constant using the known reference frequency, and
the amplitude a and phase where the two unknowns from the curve t. The magnitude
for a Bode plot is the ratio of the measured amplitude over the refereneeas , and the
phase was adjusted by adding or subtracting multiples o2 as needed to make the phase
plot of the Bode plot continuous.

The resulting Bode plot from the frequency response tests is shown in gure 3.8. The
ideal response as given by the continuous domain transfer function in equation (3.5) is
also plotted, assumingR = 2:6 , L = 17mH, and k, and k; are as given previously. In
this plot, the magnitude is plotted in decibels (dB) usingG(j! )jgs = 20109,4]G(j! )j, the
phase is given in degrees, and the frequency in hertz. The phase plot is dominated by the
1.5 mstime delay in the communication and as such drops o at high frequencies.
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The bandwidth is de ned as when the magnitude of the closed-loop response plot drops
below 3dB, which corresponds to a magnitude of 0.708. The bandwidth is approximately
756 Hz 659Hz 432Hz and 236 Hzfor the ideal case,2 A, 3A and 5A amplitude tests,
respectively. However, the magnitude plot of thel A never pass below 3dB. This is
because while the internal PI controller updates ailO kHz the current targets are only
updating at 2 kHz through EtherCAT. As such, when a current target near the peak of the
waveform is received, the ampli er ha®:5 msto respond before the next target is received.
As seen from the step responses in gure 3.6, the driver can respond to small steps in as little
as0:2msand thus the current feedback sent back to the PLC on the next EtherCAT cycle
will have reached the target. If the targets were updated more frequently, the reference
would decrease before the ampli er reaches it at high frequencies. This results in errors
in both the magnitude and phase plots at high frequencies. The bandwidth decreases for
higher amplitude sine waves because these amplitudes pass above the voltage saturation, so
the ampli er is slower to respond and cannot reach the full amplitude at high frequencies.

Figure 3.8: Bode plot of frequency response tests for a current ampli er.
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3.4 Safety Precautions

3.4.1 Automated Ampli er Testing

An automated test of the current ampli ers is run each time before running the maglev
system. This can identify communication issues to each ampli er and wiring problems on
either the input or output side of the ampli er, such as if a coil becomes disconnected. This
is especially important for the MagFloor where the system is on a lift with the connections
coming o the side to the walls of the pit. This test was custom designed and coded
in separate TwWinCAT projects from the levitation code. See gure 3.9 for the TwinCAT
visualization during a test of the 32 ampli ers in the 64-coil prototype.

Figure 3.9: TwinCAT visualization for ampli er testing.
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The automated test iterates through each ampli er to perform the following steps:

. Attempt to enable the ampli er through its state machine,

. Send at+1A current target to output 1 and check the current feedback,

1

2

3. Send a 1A current target to output 1 and check the current feedback,

4. Send at+1A current target to output 2 and check the current feedback, and
5

. Send a 1A current target to output 2 and check the current feedback.

The target currents are smoothly increased using a ramp ove0® ms then held for10 ms
and using a 10-element moving average, the actual current is compared to the target. If
within about 0:03 A, the check will pass. It then smoothly decreases the target current
back to 0 before doing the next test. If there are wiring issues on the input side of the
ampli er, these will usually be detected when trying to enable the ampli er. Wiring issues
on the output side may not be detected until attempting to send a target current. Because
the current ampli ers normally act as motor controllers, instead of directly sending a target
current, a target torque is sent instead. The torque tick-to-current ratio was checked for
all 32 ampli ers on the prototype system and was found to b&496 2% ticks/A. This
TwinCAT project also allows for sending sinusoidal targets to an ampli er as was done
during the frequency response tests in section 3.3.2.

3.4.2 Automatic Shut-O s

Once operation is started to do a levitation, there are automatic shuto s built-in to the
TwinCAT code. If any of the safety checks fail, the system will automatically send 0 A
current targets to all coils to prevent the mover from ying uncontrollably. It will only
re-enable from manual user input. The system will automatically disable itself if

1. The measured position has not been updated for the past 5 frames,

2. The x or y position of the mover is more than25 mm from the target (10 mm with
the laser sensors),

3. The yaw rotation of the mover is more than5° from the target, or

4. More than 12 active coils are outside of the valid] range ofOmmto 8 mm for the
force and torque model.
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Instead of checking the roll, pitch, andz position of the mover directly, the system
checks if thez position of each active colil transformed into the mover's coordinate system
is within the valid range. If the mover goes too high or rotates too far on either the roll
or pitch, this check will fail. The check is done in this manner as it is a more relevant
condition for the force and torque model described in section 2.4, which was trained on
data collected between levitation heights o:5 mmto 7:5 mm. Note that the z position of
a coil in mover coordinates can be greater than 0 (above the bottom of the mover) if the
mover is very tilted since the coil activation area is larger than the mover. See gure 3.10
for an example of an automatic shut-o during an unstable ramp motion before the PIDs
were fully tuned. The mover comes to rest on the stator after the shut-o .

Figure 3.10: Example of automatic shut-o during unstable motion.

There are limits to what the user is allowed to enter for the position targets. For
example, it is not allowed to enter arx or y target that would cause the edge of the mover
to go past the edge of the stator. In the case of a long ramp motion, the system compares
the current position to the next intermediate target along the ramp, which is generated
at the full 1000 Hz of the controller. Therefore, if the mover falls more than a threshold
behind the ramp motion, the system will disable itself. This can happen if the speed of the
ramp is too fast and the system cannot keep up. In actuality, too many coils may saturate
before this happens, causing the power supply to trip.
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Each power supply has a current limit and if the overall system is drawing too much
power, the power supply will automatically cut its output. The current ampli ers will
then detect the low input voltage and automatically go to a disabled state. The current
ampli ers can also detect shorts on their outputs directly and automatically disable them.
The TwinCAT code will detect the ampli er has disabled itself and will not attempt to
re-enable the ampli er until the user manually clears the fault. On the 64-coil prototype,
the output current limit of the power supply was set to30A, and on the MagFloor, the
output current limit was set to 40 A on each of the5 kW power supplies.

3.4.3 Other Safety Features

On the 64-coil prototype, there is also an acrylic fence surrounding the levitation area to
prevent the mover from ying o the system, as shown in gure 1.2. On the MagFloor,
there is an aluminum mesh on the sides of the stator to prevent the mover from falling into
the pit. Since the mover only levitates a few millimetres, if it were to leave the stator, it
would quickly touch the mesh or the edge of the pit, and would not travel far. As shown
in gure 3.11, there is also a mechanical fence to prevent people from getting too close to
the MagFloor, with a nylon net attached as an extra precaution to stop the mover. As
future work of the maglev team, it is planned to replace the net with a smaller and more
secured fence around the edge of the MagFloor pit. On the Power Control Panel placed on
the wall of RoboHub, there is an emergency stop button to kill all power to the system as
well as a switch for controlling the DC output of the power supplies, shown in gure 3.12.
There is another emergency stop by the podium control station, and limit switches at the
edges of the pit to detect if the oor panel is covering the pit.

Figure 3.11: Protective fence around the Figure 3.12: Power control panel for the
MagFloor. MagFloor.
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Chapter 4

Controller Design

4.1 Overview of the Control Loop

An overview of the closed-loop controller is presented in gure 4.1. Within TwinCAT,
a 6-D position and orientation targetm,; = X y z " is generated at each
1 mscycle of controller. Taking the di erence with the measured positiormd,, the 6-D
position error,e8 = M, mJ is input to six independent discrete PIDs, one for each axis.
The output of these PIDs is the control e ort w, which is the desired forces and torques
to be applied to the mover in each axis. For the axis, a feed-forward bias is added to
the control e ort equal to the weight of the moverF,.,ias = mg, which is approximately
65 N. Adding this bias reduces the delay for the integrator in the axis to build up, and
enables the mover to levitate almost immediately once the coils are activated. For the ILC
tests discussed in section 7.3, a feed-forward control e ort is also added after learning from
previous iterations. The resulting net control e ort w is in global coordinates and used
to determine the coil currents through the direct wrench method. The current targets are

then sent to the current ampli ers, which actuate the maglev system.

Figure 4.1: Overall control diagram for the maglev system.
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The basic PID includes three terms: a proportional term, an integral term, and a
derivative term. Each of these terms is with respect to the errogg and is multiplied by
a gain ky, ki, and kg, respectively. The proportional term scales the control e ort with
respect to the size of the position error. The derivative term helps ensure stability by
resisting the motion. For example, if the error is decreasing too quickly, the control e ort
is reduced. During a smooth ramp motion, the derivative can also add to the control e ort
to help initiate or stop the motion. The integral term serves to eliminate steady-state error
and also aids in catching a target ramp.

The PID gains used in each of the experimental setups are shown in table 4.1. Note that
the 6-D position is converted into Sl units (n and rad) before being sent to the controller.
The gains are very similar between the di erent setups, however, some changes were made
from the initial tuning done on the 64-coil prototype using the camera motion tracking
system. Since the cameras in the MagFloor are placed farther away, this results in less
accurate measurements and more steady-state error. To compensate, the integral gains
were increased. This also helps to quickly catch the ramp motions during large trajectories
across the MagFloor. Some of the gains on the and rotation axes were also raised
when using the laser sensors, since the laser sensors have less noise in those axes, allowing
greater derivative gain. Note that the controller was still run at1000 Hzwith the laser
sensors even though they update &00 Hzto help avoid missed measurements caused by
sync issues.

Table 4.1: PID gains for each of the six axes of the three experimental setups.

X y z
N=m N m=rad
. 64 Coils Cameras 10000 10000 11000 180 180 200
P gain g4 coils Lasers 10000 10000 11000 180 180 200
Kp MagFloor Cameras 9000 9000 11000 180 180 220
N=(m s) N m=(rad s)
. 64 Coils Cameras 4800 4800 50000 400 400 180
lgain 64 coils Lasers 4800 4800 50000 600 600 180
ki MagFloor Cameras 35000 35000 50000 600 600 600
N ssm N m s=rad
. 64 Coils Cameras 350 350 325 4 4 6.5
D gain 64 coiis Lasers 350 350 325 6 6 65
Kq MagFloor Cameras 350 350 325 6 6 6.5
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4.2 Improving the Derivative

The default discrete derivative used in a PID is given by

e(tn) e(tn 1)
Ts

Ug(tn) = Kq (4.1)
where e(t,) and e(t, ;) are the errors at the current and previous time stepky is the
derivative gain, uq(t,) is the derivative control e ort and Ts is the sample time, which is
0:001 sat 1000 Hz There are a few problems with using this derivative function without any
modi cation or ltering. The rst problem is that this function assumes smooth changes

in the reference, so any step change will result in derivative kick. Secondly, any noise in the
input signal is ampli ed by taking the derivative, which for the noisy measurements from
the camera-based motion tracker, results in noisy control e orts. The nal issue is that
this is taking the derivative of the error directly, which assumes that the reference position
and the measured position are from the same time step and change continuously. Due to
sync issues between the sensor systems and the PLC, it is possible that the controller will
sometimes see a duplicate measurement or miss a sensor cycle, which would cause spikes in
the derivative. In this section, modi cations to the derivative computation are discussed
to resolve these issues.

4.2.1 Resolving Derivative Kick

When a step input is given to the controller, for example, if thex position is increased
by 8mm in a time step, then the derivative in the reference at that instant i8 m=s for a
sample time ofl ms This is a very fast instantaneous motion, which will result in a large
spike in the derivative at that time step. This spike can cause a control e ort beyond the
system's ability to produce and saturate all active coils, potentially causing instability or
even tripping the power supply.

One common method to remove derivative kick is to take the derivative of the negative
of the measurement only, ignoring the change in reference. This works well for step inputs
but causes an additional problem during a ramp motion. Since the change in reference is
ignored, the derivative is constantly trying to hold back the motion during a ramp, resulting
in the integrator needing to grow larger to compensate and produce a large overshoot at
the end of the ramp.

The solution to derivative kick used in this research is to set the change in reference
to 0 only when a step change is detected, by using a threshold. The derivative is rst
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calculated by taking the derivative of the reference and the measurement separately and
then taking the di erence between them. If the absolute value of the derivative of the error
is greater than both a threshold and the derivative of the measurement alone, then the
change in reference is ignored. This threshold is approximately set to avoid saturating the
coils. Algorithm 4.1 shows this process of killing derivative kick in lines 8 11.

4.2.2 Filtering the Derivative

To reduce the e ect of measurement noise on the derivative, a low-pass lter is added after
taking the derivative. In the z-domain, the lIter is of the form

Lz

G(2) = Z(ZTL—T—S); (4.2)

whereTs is the sample time ofl msand T is an approximate time constant for the Iter. The
time constant was chosen to b@ msfor the 64-coil prototype and4 msfor the MagFloor.
Using the MagFloor as an example, the lter is then

0:25z
G(z) = T (4.3)
Converting this into the time domain, the lter equation is then
y(tn) = 0:75y(t, 1)+ 0:25X(tn); (4.4)

where x is the input to the Iter and y is the output of the Iter. The low-pass lIter is
shown on line 12 of algorithm 4.1.

Figure 4.2 demonstrates the e ect of the derivative lIter during x-ramps 0400 mnes
on the 64-coil prototype. The lower plot shows the derivative of the error i, which is
highest at the start and ends of the ramp motion. For this test, the discrete low-pass Iter
was set to a time constant o2 ms which is shown to approximately reduce the noise of
the derivative in half. Further increasing the Iter would result in less noise entering the
derivative, but has the disadvantage of increasing the delay. Since this system already has
a signi cant delay, adding more delay is very undesirable. Using the bigger Iter with a
time constant of 4 ms on the MagFloor is necessary because of the greater measurement
noise, and the system is shown to still be stable.
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Figure 4.2: X-ramp on 64 coils with the derivative before and after the lIter.

4.2.3 Resolving Derivative Sync Issues

Although the sensor systems operate at arountD00 Hzfor the camera system and00 Hz

for the laser sensors, this is an approximate value and the time between each frame can
vary slightly. This is shown in gure 4.3, where for a slightly longer frame, the next cycle

of the controller may start before the measurement data has updated, resulting in the
controller using the same measurement data as the last cycle. It is also possible that the
controller misses a sensor frame if the sensor updates twice in the previous cycle. These
two issues commonly come in pairs, with a duplicate frame and then a skipped frame.

Figure 4.3: Syncing between sensor cycles and PLC cycles.
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This syncing issue between the sensor's and the PLC's cycle time can cause problems
when computing the derivative. This is shown in gure 4.4, where the top plot shows a
ramp motion in the x axis at 0:4 m=s and the lower plot shows the computed derivative
of the error. When the controller uses a duplicate measurement from the last frame, this
means that the derivative of the measurement jumps to 0, so the derivative of the error will
jump to the change in reference, which is abouw4 m=s in this case. This is shown by the
upward spikes in the plot. When a sensor frame is skipped, the change in the measurement
is double what it should be, resulting in the downward spikes shown in the plot.

Figure 4.4: Example of sync issues causing derivative spikes during ramp.

To resolve this sync issue, the derivatives of the reference and the measurement are
computed separately. Since the reference targets are generated within TwinCAT, there is
never any sync issue with them, and the reference derivative can be computed normally.
The derivative of the measurement is then computed using the di erence between the
current measurement and the last di erent measurement, and the time step is multiplied
by the number of frames between them. The last di erent measurement may not be
from the previous PLC cycle. Both the Vicon camera system and the laser sensor system
send a count that increments with each cycle along with the data. This count is used
to determine how many frames have passed between measurements. If the measurement
hasn't been updated, then the measurement derivative from the last cycle is kept to avoid
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it jumping to 0. Algorithm 4.1 shows the overall method for computing the derivative
on the MagFloor. Note that for the laser sensors, a sample time & = 2ms is used to
compute the derivative of the measurement as the laser sensors updat&@d Hz The low

pass lter is shown with a time constant of4 msin the algorithm, but a time constant of

2msis used for the 64-coil prototype.

Algorithm 4.1 Algorithm for calculating the derivative.

r 'n I'm 1
D Ts

1 Mn
if f,>f, 1then . The sensor frame number has updated

Xn Xn 1
Xn (fn fn 1)Ts . .
Xn 1 Xn . Update previous variables

fn 1 fn

end if

& =In Xpn

if jesj > jXnj @ndjeyj  Eresh then . Detect step input
&= X

- end if

Dept 0775y 1+ 0:25g . Low-pass lter

6 1f €n:f

tUg Kg€nit

=

o o
A wWNPO

4.3 Coil Selection and Current Decoupling

The direct wrench method allows the decoupling of the forces and torques to determine the
target current in each coil. A wrench transformation matrix contains, in each column, the
force and torque contribution for each coil ped A of current. The matrix is generated
using the force and torque model described in section 2.4 and considering the relative
position of each coil in the mover's coordinate system. Performing a matrix multiplication
of the wrench transformation matrix  with a vector of coil currents will then give the net
force and torque on the mov2er,

32 3
FX;l FX;Z e Fx;n Il
Fvi Fyo o0 Fy I
Whet = § e y§§ z = (") (4.5)
T,a T2 100 Tyn I
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