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Abstract

Magnetic levitation and Additive Manufacturing (AM) are both highly innovative fields
that have changed the trajectory of development within a wide variety of applications.
Magnetic levitation techniques offer noncontact levitation forces that highlight high com-
patibility with metal AM operations like Laser Directed Energy Deposition via Powder
Feeding (LDED-PF) techniques. The research presented in this report aims to highlight
the novel implementation of a magnetic levitation system compatible with LDED-PF oper-
ations. The suspension of a conductive paramagnetic material geometry through repulsive
magnetic levitation techniques will serve as the substrate to build a part through LDED-PF
operations.

The research contributions are as follows: First, this research develops a novel magnetic
levitation system capable of supporting AM operations. The compatibility of the levita-
tion system has been tested through simulations and experiments. Second, the levitation
system can support time-varying loads over time without losing stability during AM opera-
tions. Finally, a novel parameter to determine the compatibility of different paramagnetic
materials with magnetic levitation applications was developed and verified through this
research.

Two magnetic levitation systems were developed. The first system was composed of a
laminated core. This entailed the use of several hundred sheets assembled together to form
the core within which the coils were embedded. This resulted in a reduction in eddy current
losses within the core, however, the sheets sizes were predefined which resulted in the loss of
flexibility for optimization. The second system was composed of a solid core system. This
system was subjected to higher eddy current losses, however, offered significantly higher
flexibility for optimization. The prototypes were optimized, manufactured, assembled, and
tested. Both prototypes successfully highlighted the ability to levitate aluminum discs.

Following the successful development of the levitation system prototypes, the next step
was the development of a feedback controller to facilitate stable suspension at the desired
setpoint. Through the incorporation of a simple Proportional Integral and Derivative (PID)
controller using a laser sensor, the rise time was improved. However, a significantly high
settling time was still encountered. To overcome this, a PID controller with a compensator
component modeling the anticipated initial value of the voltage input was incorporated into
the feedback PID controller. Through the implementation of the PID controller with the
compensator component, the overshoot was eliminated and the settling time was reduced
by 3.9 s.

Subsequently, the performance of the levitation system was tested without a feedback
controller within the LDED-PF machine experimentally. Copper alloys were deposited on
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an aluminum alloy build surface that was levitated. Under a high powder feed rate and
high laser power, the levitation system was successfully able to support powder deposi-
tion activities. The build surface for powder deposition was also maximized through the
incorporation of the levitation system within the AM machine.

Finally, this research also develops a parameter set that utilizes the material properties
of different paramagnetic materials to determine their compatibility with magnetic levi-
tation techniques. Conventionally, there is a strong reliance on the use of experimental
implementation to determine whether a material is compatible with magnetic levitation
techniques. However, by comparing the ratio of electrical conductivity to the density of
the material, the compatibility of the material with magnetic levitation techniques can be
determined without any experimental implementation.
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Chapter 1

Introduction

1.1 Problem Identification

[1] is a patent developed by Beoing Inc. It deals with the development of a levitation system
for Additive Manufacturing (AM) applications. The part levitation is tackled through the
application of principles of acoustic and magnetic levitation. A feature can be built by
adding material on a levitated 'nugget’ that can be moved and rotated in free space.

For the scope of this research, the emphasis is placed on the magnetic levitation tech-
nique. A variety of magnets are placed beneath the part being built to generate the lift
force to overcome the gravitational force of the part. The materials employed here may
comprise ferromagnetic, paramagnetic, or diamagnetic materials. An array of electromag-
nets and permanent magnets are used in conjunction to generate a magnetic field (now
called the primary magnetic field). The primary magnetic field results in the induction of
electrical currents within the part. These induced electrical currents produce a secondary
magnetic field which repels the primary magnetic field, causing the part to be levitated.

The reference provides a high-level view of the conceptualization of several embodiments
of the levitation system, including the implementation of electro-magnets, permanent mag-
nets, and super-cooled conductors. However, to the knowledge of the author, there has
been no prior attempt to effectively develop a working prototype of a magnetic levitation
system for AM applications.

There are critical advantages to eliminating the need for the build platform using mag-
netic levitation. First, the levitated part can be manipulated in all axes to allow for the
development of highly complex features. Next, through magnetic levitation techniques,



multiple material nozzles can be incorporated to accelerate the build process. Through
the incorporation of multiple material nozzles, multiple different materials can be used to
build the part, resulting in a truly heterogenous feature formation. Finally, the magnetic
levitation technique would also allow the fabrication of features without the need for part
support development.

The reference plays a significant role in highlighting the advantages offered by the
non-contact forces of magnetic levitation techniques. The applications of the magnetic
levitation system can be extended even further. For instance, the principle of repulsive
levitation techniques relies on the induction of currents within the levitated geometry. The
ohmic losses associated with the induced currents in the levitated geometry can contribute
to the heating of powders placed on the levitated geometry.

1.2 Challenges of Implementation and Solutions

The critical challenges of implementation of the magnetic levitation system within the AM
environment are discussed in this section.

e Dimensional Constraints on the System

— A key challenge of the development of a magnetic levitation system for AM ma-
chines was the dimensional constraints presented by the available build surface
of AM machines. AM machine build surfaces can be as small as 100 mm in
diameter and 95 mm in height, as specified within the EOS M 100 machine [2]
and 35x35x35 cubic cm in DMDIC106 [3].

— For manipulation within the axial, lateral, and rotational axes, the incorporation
of several different permanent magnetic and electromagnets are recommended.
However, the incorporation of dimensional constraints deters the incorporation
of multiple electromagnets. Thus, given the dimensional constraints, the em-
phasis is placed on the controllability of levitation within the z-axis.

e Levitation of Paramagnetic Materials

— Conventional magnetic levitation techniques rely on the levitation of ferromag-
netic materials. Ferromagnetic materials are highly magnetized in an externally
applied magnetic field and have a high magnetic permeability. However, AM



(a) Anticipated Implementation of a Prototype (b) Anticipated Implementation of another Pro-
in LDED-PF Machine totype in LDED-PF Machine

Figure 1.1: Anticipated Implementation of the Levitation Systems within an AM Machine

operations use several paramagnetic materials. Paramagnetic materials are ma-
terials that are weakly attracted by an externally applied magnetic field and
have a constant relative magnetic permeability of slightly more than 1.

— The levitation of paramagnetic materials is accompanied by trade-offs, with the
most critical being the controllability of forces within the lateral axes. Thus,
the scope of this research was constrained to the levitation and controllability
of forces within the z-axis.

1.3 Motivations and Goals of this Research

Magnetism and magnetic levitation, as well as AM technologies, have received significant
interest within the research environment. While there has been some growth in the over-
lapping research between the two fields, the integration of a magnetic levitation system
within AM environment has yet to be developed. The research presented in this report
aims to bridge that gap.

The non-contact nature of magnetic levitation and suspension techniques makes it a
prime candidate for integration within the AM environment. The goal of this research
is the development of a repulsive levitation system capable of suspending a
paramagnetic material (like aluminum) to provide the build surface necessary
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for AM operations, specifically Laser Directed Energy Deposition via Powder
Feeding (LDED-PF). The anticipated implementation of the system has been high-
lighted in Fig. 1.1.

There are several key motivations for this approach. First, the levitated build surface
(also known as the substrate) is anticipated to be a part of the final part built. Thus,
there is a significant reduction in the amount of post-manufacturing operations to which
the built part will be subjected. These post-manufacturing operations include (but are not
restricted to) the removal of supporting structures and the separation of the part from the
built surface. These processes can be time-consuming and subject the part to avoidable
damage.

Second, since the levitation part is suspended through non-contact forces of magnetic
fields, the build surface available for deposition activities can also be increased by flipping
the levitation substrate. This facilitates deposition on both sides of the levitated build
surface. This can allow for complex geometries to be built on either side of the build surface.
This can also significantly improve LDED-PF repair and reconditioning capabilities, since
the levitated build surface can be the part being subjected to repair operations, depending
on the geometry of the part being repaired.

Finally, levitation techniques have been emphasized quite heavily for ferromagnetic ma-
terials, as highlighted in Section 3.1.2. However, there are several paramagnetic conductors
that have applications within the additive manufacturing environment. Applications of ma-
terials like aluminum, copper, titanium, et cetera have been explored quite limitedly within
the magnetic levitation sphere. Thus, there has been a need to emphasize the suspension
of paramagnetic materials using magnetic levitation techniques.

Through the incorporation of these advantages presented by the magnetic levitation
technique, the applications of AM operations within the field of repair and reconditioning,
and coating can be extended further. Conventionally, there is a need for creative clamping
to allow for deposition activities to occur on both sides of the substrate. Through magnetic
levitation, the non-contact forces allow for levitation of the substrate to allow for deposition
activities on both sides without negatively affecting the health of the deposited layer on
the previous side.

1.4 Contributions of this Research

Having established the goal of developing a repulsive magnetic levitation system for LDED-
PF applications, the critical contributions of the research presented in this report are as
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follows:

e Development of a magnetic levitation system with positional stability in
the axial (z-axis) and lateral (x-, y-axes) axes with compatibility with AM
operations. This entails the continuous stable suspension of a levitated geometry
(which is a disc) that can maintain stability despite AM operational factors like pow-
der deposition and incorporation of a high-power laser while protecting the critical
electrical components of the levitation system.

e Development of a magnetic levitation system with the ability to support
time-varying loads during AM operations without losing its suspension
stability. This requires the system to support an increase in payload due to de-
position activities encountered within the AM environment while maintaining stable
suspension.

¢ Development of a feedback controller to facilitate stable suspension of the
levitated geometry. This includes the ability to change the levitation height (i.e.
the relative position of the levitated geometry with the levitation system in the z-
axis) of the levitated geometry by changing the input (i.e. RMS current) to the
levitation system.

e Development of a novel parameter set to determine the compatibility of
different materials with magnetic levitation applications. Metal AM applica-
tions usually employ the use of paramagnetic materials with varying material prop-
erties. Thus, it becomes critical to determine the compatibility of the material with
magnetic levitation application without relying on experiments, since it can be time-
consuming and inefficient. Thus, through analytical modeling, a novel parameter is
developed to determine the ’levitation ability’ of different materials while bypassing
its reliance on experimental implementation to determine their compatibility.

1.5 Research Objectives

As described in Sections 1.3 and Section 1.4, the primary goal of this research is the devel-
opment of a levitation system utilizing the principles of repulsive levitation. To accomplish
the research goal and achieve the contributions of this research, the following objectives
were designed and met through this research.



e Development and optimization of several novel magnetic levitation system proto-
types conducive to the LDED-PF machine within both simulation and experimental
environments.

e Determination of the compatibility of the levitation system with LDED-PF opera-
tions through simulation analyses. This entails determining the system’s ability to
support time-varying payloads and sustain the impact of powder deposition.

e Determination of the compatibility of the levitation system within an LDED-PF
machine through experimental implementation.

e Development of a feedback controller to facilitate stable suspension and variable
levitation height controllability

e Development of a ’levitation ability’ parameter to theoretically determine the com-
patibility of different paramagnetic materials with the magnetic levitation technique.

1.6 Thesis Outline

This thesis includes 10 chapters. The overall workflow of the research highlighted in this
thesis has been highlighted in Fig. 1.2.

Chapter 1 presents a brief overview of magnetism and magnetic levitation techniques.
This chapter also presents an introduction to AM and its associated techniques. The goals,
motivations, and research objectives have also been emphasized in this chapter.

Chapter 2 emphasizes the pertinent literature review that drives integral decision-
making throughout the research.

Chapter 3 highlights the pertinent theory associated with the implementation of a
magnetic levitation system for AM applications. This includes the governing equations
driving the working principle. Secondary considerations like the EM coils presented as an
RLC circuit and analytical modeling of the levitation system as an RLC circuit have also
been presented.

Chapter 4 depicts the establishment of the initial feasibility of a magnetic levitation
system for AM applications. The simulation model was subjected to extremely strict con-
straints. The outer diameter of the system is restricted to 70 mm. The system successfully
outlines the feasibility of a levitation system for AM applications.
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Chapter 5 emphasizes the development of a system prototype subjected to experi-
mental implementation. With highly relaxed constraints (< 40% volume of the available
volume of AM machine), this system achieves improved levitation while significantly im-
proving the efficiency of the system. The compatibility of this system with AM operations
is tested through simulations.

Chapter 6 highlights the development of a simple feedback controller to facilitate
stable suspension of the levitated disc. The controller development is first conducted within
a simulation environment, following which the implementation is conducted experimentally.
A simple PID controller and a PID controller with a compensator component have been
developed.

Chapter 7 stresses the development of a novel parameter to determine the compati-
bility of different paramagnetic materials without relying on experiments.

Chapter 8 emphasizes the experimental implementation of the levitation system pro-
totypes developed in Chapter 6. Several different analyses are conducted to test the per-
formance of this levitation system. This chapter establishes the successful experimental
performance of the levitation system with AM operations

Chapter 9 highlights the conclusions and recommended future work obtained through
the investigations conducted in this research.



Chapter 2

Literature Review

2.1 Suspension of Different Geometries using Mag-
netic Levitation

[1] revolves around the levitation of a homogenous sphere. A homogenous sphere, under the
influence of a magnetic field, produces electrical currents (eddy currents) whose magnetic
field is the equivalent of a magnetic dipole. The sphere is broken down into smaller current-
carrying loops (secondary loops). The force between the primary current-carrying loops
(electromagnet) and secondary loops is computed through the determination of the mutual
inductance between the co-axial current loops. Through the principle of superposition, the
overall force experienced by the sphere is computed. The system studied here consists
of a primary conical coil at the bottom and a planar coil at the top. The top coil is
responsible for producing restoring forces, in the event of part displacement. This ensures
stable levitation at the equilibrium point. The system studied and the analytical model
developed was subjected to experimental verification. The results generated from the
experiments were similar to the analytical model developed, thus depicting the viability of
the model.

[0] looks at the suspension of an aluminum disc using the principles of magnetic lev-
itation. Due to the high complexity of the analytical models developed, the article uses
simulation software (FEMM software) to generate the vertical force generated in the disc.
The primary objective of the work conducted was to optimize the dimensions of the disc
in consideration. An iterative methodology was implemented where simulations were con-
ducted repeatedly until the peak force in the z-axis was obtained. The core is made of



electric steel. The iterative simulations are run by varying one of three parameters while
keeping the other two parameters constant. The optimized system and simulation results
were verified experimentally.

[0] presents the electrodynamic suspension of an aluminum disc. The system is simu-
lated in COMSOL and the results are verified through experiments. No core is employed in
this system. The input current supplied is 20 A at 50 Hz. N1 = 960, N2 = 576. The system
results in the levitation of the aluminum disc at 11.8 mm above the levitation system.

2.2 Magnetism in LDED-PF

[7] highlights the use of a solenoid coaxially aligned with the laser beam in an LDED-PF op-
eration to improve the overall convergence of the power stream (composed of ferromagnetic
powders). The improved convergence of the powder stream results in a higher catchment
efficiency (which is the ratio of the laser beam area to the powder stream area [3]) and
improves the overall material efficiency by 25%.

[9] discussed the use of permanent magnet arrays to improve the convergence of the
powder stream composed of non-magnetic conductive materials. The research concludes
that particles with a particle radius of 300 um can be concentrated to a 15-degree angle at
600 kHz, therefore highlighting the potential of magnetic focusing to narrow the powder
stream.

[10] has also utilized the principles of magnetism within the AM environment. The
article highlights the development of non-destructive testing (NDT) sensor to detect defects
at different depths within parts manufactured through AM techniques. The system utilizes
the principle of eddy current-based probes designed to detect artificial depths in parts
composed of stainless steel and titanium alloys.

2.3 Optimization Techniques in Magnetic Levitation
Systems

[11] studied the optimization for a 2D magnetic levitation transporter system comprising
high-temperature superconducting bulk. The lift and restoring forces are studied closely for
optimization. Six samples of permanent magnets are considered. Several parameters like
the number of permanent magnets, the distance between permanent magnets, and the air
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gap between the HTS Bulk and the levitated object are taken into account in the selection
of the six samples. The measurement of these forces is conducted through experiments. A
load cell is used for the measurement of these forces. Through this trial-and-error-based
method, the optimum permanent magnet array structure was optimized.

[12] studies the use of diamagnetic levitation principles for stable suspension. The
array of permanent magnets is optimized here to maximize the levitation force. FEight
configurations of the permanent magnets are studied here. The thrust force is measured
experimentally. Through trial and error, the optimal arrangement of the magnetic system
was developed to maximize the thrust force.

[0] studies the optimization of an aluminum disc levitated over a pre-defined levitator
setup. This article was also used to develop the initial EDS system. The article uses FEA
for optimization. The trial and error direct substitution was used to optimize the levitated
disc. The objective was to maximize the levitation force.

[13] uses the Fabry factor (G) to parameterize coil dimensions. Using heat dissipation
as the cost function, the ideal and optimum dimensions of the coils are obtained to the
maximum force generated by the EM coils.

[14] highlights the incorporation of several techniques like the feasible direction interior
point algorithm, genetic algorithm, and extensive search, amongst others to optimize a
superconducting linear magnetic bearing. The use of FEM software ANSYS is at the
center of this analysis. The genetic algorithm optimization method produced the best
output, with extensive search optimization also producing high-quality results.

2.4 Core Material Selection

2.4.1 Core - Laminated vs Solid

According to [15], cores exposed to time-varying magnetic fields are vulnerable to induced
eddy currents. The laminated cores are used to ensure that these induced currents are
minimized to maximize efficiency. That serves as the primary reason for using laminated
cores.

[16] emphasizes the focus on increasing the efficiency of electric motors. The improve-
ment of performance is contingent on minimizing two major losses encountered in cores:
Magnetic losses and power losses. Laminated cores are used to minimize the intensity
of currents induced within the core. The focus is placed on producing laminations with
thinner and thinner layers in the lamination to maximize performance.
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[L7] focuses on the study of transformer core constructions. A transformer core is used
to provide the path for the magnetic field to maximize the induction of current in the
secondary coil. Two primary losses are studied here: Hysteresis losses and eddy current
losses. Ideally, bringing the two coils in close proximity can increase the currents inducted
by maximizing the magnetic coupling. However, this would also result in a significant
increase in the currents induced within the core. Laminated cores are used to minimize
these induced currents. These cores have high permeability and high resistivity to maximize
the efficiency of the system. These cores have a permeability of 1500. By using a core with
lamination, the magnetic efficiency of the system was optimized.

[18] studies the flux distribution and impedance of solid and laminated cores. It ac-
counts for the effects of permeability, conductivity, and permittivity on the magnetic flux
distribution and impedance as a function of frequency. The article uses ferrite cores since
ferrite cores are commonly used in high-frequency applications. With frequency varying
from several hundred kHz to 10 MHz, several parameters like permeability and conduc-
tivity vary as a function of frequency. For the impedance study, the article documents
the impedance at different frequencies using FEM and experimental methods. The sample
used here is a ring core with an outer diameter of 25 mm, an inner diameter of 15 mm, and
a height of 10 mm. Wayne Kerr 6550B was used to experimentally measure the impedance
of the system. The permeability of the solid core is similar to the laminated core at lower
frequencies. However, at higher frequencies, the laminated core produces higher perme-
ability. This results in a higher impedance value in laminated cores. Thus, this study
concludes that solid cores produce lower impedance when compared to laminated cores.

[19] studies the use of laminated silicon steel cores for an inductor. Subsequently, the
article studies the behavior of laminated cores and their impedance at different frequen-
cies. The authors also consider the skin depth effect and the proximity effect during the
analysis. The Sweep Frequency Response Analysis (SFRA) is the technique used to study
the windings and the laminated core. It was documented that the winding resistance of
the inductor increases with an increase in frequency due to the decrease in the degree of
penetration of the conductor by magnetic flux. The impedance of the system increases
with an increase in frequency until the resonant frequency. Beyond this frequency, the
impedance decreases. This is because, below the resonant frequency, the reactance of the
winding is inductive dominant. Beyond the resonant frequency, the reactance is capacitive
dominant.

12



2.4.2 DMaterials - Pure Iron vs Ferrite

[20] studies the comparison of ferrite cores with other materials. The key primary difference
between ferrite (compared to other magnetic materials) is that ferrites are oxide materials.
Ferromagnetism of ferrite is derived from the unpaired electron spins in only a few metal
atoms, these being iron, cobalt, nickel, manganese, and some rare earth elements. The ox-
ides suffer from a dilution effect of the large oxygen ions in the crystal lattice. Thus, ferrite
has significantly lower magnetic saturation. The oxygen ions play the role of insulating
the metal ions, thus, increasing the resistivity of the material. This material is great to
minimize the induction of eddy currents due to its low resistivity. Ferrite is great for high
flux applications like generators, motors, and power transformers for frequency < 1 kHz.
The primary disadvantage of ferrite cores is the limited size of parts.

[21] states that the ferrite core is a ferromagnetic metal oxide with high resistivity and
high permeability. However, due to its low saturation magnetization nature, it is limited
in its applications in low-frequency applications. Ferrite is specifically great for inductive
applications (like transformers).

[22] talks about the use of different core materials in inverters. Inverters are primarily
used for converting stored DC energy to high-voltage AC energy. There are two types of
inverters:

e Pure iron core inverters: These are used for low-frequency conversion applications.
They convert low-frequency AC voltage to high-frequency AC voltage.

e Ferrite core inverters: These are suitable for high-frequency applications. These con-
vert low-voltage DC voltage to high-frequency AC voltage. The range of frequencies
suitable for ferrite core inverters is from a few kHz to MHz.

2.5 Implementation of Feedback Control Strategies
for Magnetic Levitation System

[23] highlights the levitation of a ferromagnetic ball through a single electromagnetic coil.
The magnetic field output of the coil is controlled using voltage adjustments. An opto-
electronic sensor is used to provide positional feedback to the controller. Two distinct
strategies are used to control the suspension of the spherical ball: First, a non-linear con-
trol model was used in conjunction with a feedback linearization method. Second, the
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non-linear model was linearized around the equilibrium point. The two approaches were
simulated and verified experimentally.

[24] also studies the stable suspension of a ferromagnetic ball using a single coil system.
A light sensor is used to provide positional feedback to the controller. A simple PID con-
troller is used. To minimize the sensitivity of the controller to feedback noise, a derivative
filter was also added to the PID controller. Through the incorporation of the differen-
tial filter, an improvement in rising time, overshoot, settling time, and the steady-state
response are observed.

[25] also studied the suspension of a ferromagnetic ball using a single coil. To address the
inherent instability of the levitation system, a simple PD controller is used. A photodiode
provides positional feedback to the control system. Pulse width modulation was used to
improve the overall efficiency of the system.

2.5.1 Selection of Sensor for Feedback to Controller

[20] studies the development of a magnetically guided robot. It is crucial to note that
magnetic-based actuation systems are inherently unstable. Thus, to ensure the stability of
the system, a closed-loop controller needed to be developed. These closed-loop controllers
are heavily dependent on sensor feedback to ensure stable levitation. Optical sensors like
laser sensors, cameras, or x-ray and ultrasound sensors are ideal for transparent environ-
ments. However, these sensors have major shortcomings in non-transparent environments.
In addition, these sensors tend to be quite expensive. Thus, an alternate sensor using the
magnetic field of the levitation system was studied to determine the viability of the sensor
for the system.

Hall effect sensors are used for the detection of the magnetic flux of the system in
[26]. The system utilized a combination of linear Hall effect sensors, 2 on the x-axis and
2 on the y-axis to determine the position of the levitated robot in the lateral axes. A 4th
order polynomial curve was used to develop a relationship between the magnetic flux of
the robot and the position of the robot. Through experimentation, it was validated that
the resulting accuracy of the position was within 0.4 mm RMS error. Thus, the resulting
sensor system was adequate for stable levitation.

[27] studies the use of a magnetic levitation system responsible for levitating a neodymium
magnet suspended in a voltage-controlled magnetic field. Electromagnets are used to gen-
erate the magnetic field necessary to facilitate levitation. Adhering to Earnshaw’s law, a
closed-loop controller relying on sensor feedback was used to ensure the stability of the
system. The feedback for the controller is obtained through the use of hall effect sensors.
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Through simulation and experimentation, it was verified that the sensor feedback obtained
from the Hall effect sensor is satisfactory for the stable levitation of the magnet.

[28] studies the design and implementation of a magnetic levitation system with a
feedback controller. Here, a steel object is suspended using an electromagnet. The system
schematic uses a light-emitting diode to get the feedback to alter the current input to the
electromagnet.

[29] studies the use of sensors to monitor in-process parameters for DED AM. First, the
laser position was monitored using photo-diodes. The feedstock delivery was monitored
using filtered cameras. The article also describes the use of weight sensors under the
substrate to determine the amount of feedstock deposited. The melt pool geometry was
monitored using co-axial imaging systems. And finally, the deposition height of each layer
was monitored using optical sensors and charged coupled imaging sensors. Thus, these
sensors could provide new means to track the position of the levitated object as well.

[30] studies the pre-processing and in-process monitoring of AM parameters like tem-
perature, melt pool geometry, laser strength, and plume formation. It also studies these
parameters for powder bed fusion and direct energy deposition. Some of the sensors studied
here are:

e Melt pool: Coaxial in-line filtered imaging through optics. Also utilizes image illu-
minating strategies for the implementation

e Plume monitoring: Plume is the conical geometry of deposition. It is monitored
through sensors like spectrometers, photodiodes, and filtered cameras.

[31] studies the use of thermal imaging using an infrared setup to study an online
in-process detection of anomalies in part geometry. The article studies the melt pool to
extract features that may point to a part anomaly.
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Chapter 3

Theoretical Concepts Associated
with the Magnetic Levitation System

3.1 Introduction to Magnetism and Magnetic Levita-
tion

Magnetism is associated with electric charges. Magnetic fields are defined as a space where
the magnetic force of magnetism acts, usually around a magnetic substance or a moving
electric charge. The magnetic field is operationally defined as three measured quantities:
(1) the velocity of a charged particle, (2) the electric charge, and (3) the magnetic force
experienced by the particle. [32]. One of the more popular applications of magnetism and
magnetic fields is the use of magnetic levitation systems.

Magnetic levitation/suspension is defined as the method to suspend an object using the
interactions of magnetic fields alone. Magnetic levitation has found applications in a wide
variety of fields ranging from small-scale objects requiring vibrational isolation [33] from its
environment, suspension and propulsion of maglev vehicles [34], damping capability [35],
levitation and manipulation of a magnetized object [30], energy harvesting [37], sensing
applications [38], manipulation of magnetorheological fluid (MRF) [39] amongst several
others

Magnetic levitation has been classified based on several different criteria. The two
most critical classifications are based on the mechanism of levitation and the materials for
levitation.
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Figure 3.1: Magnetic Levitation Techniques

3.1.1 Types of Magnetic Levitation Techniques and Applications

There are two critical and popular magnetic levitation techniques. The first utilizes at-
tractive force between a magnetic field source and ferromagnetic materials, as highlighted
in Fig. 3.1a. This technique is referred to as electromagnetic suspension. The second
technique utilizes repelling forces generated by a magnetic field source producing a time-
varying magnetic field (e.g. through relative motion or around a magnetic material) rela-
tive to electrical conduction, as highlighted in Fig. 3.1b. This technique is referred to as
electrodynamic suspension [10].

Electromagnetic suspension techniques have been utilized in several applications like

magnetic bearings [11]-[12], ground transportation such as magnetic levitation trains [13],
precision-based non-contact manipulation of ferromagnetic materials [11] amongst several
others.

Electrodynamic suspension systems have also found applications in a wide variety of
fields. For instance, electrodynamic suspension systems are utilized in high-speed magnetic
levitation train applications [15]-[16], precision position controllability [17], levitation ap-
plications within wind tunnels [18], vibration isolation [19], induction melting applications
[0] amongst several others.
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3.1.2 Types of Materials for Magnetic Levitation and Applica-
tions

The material properties of the material subjected to levitation applications are also critical.
The materials are broadly classified into 4 fields: Diamagnetic materials, paramagnetic
materials, ferromagnetic materials, and superconducting materials.

Diamagnetic materials are those which are freely magnetized in the presence of a mag-
netic field. The applied magnetic field induces a magnetic field within the material in the
opposite direction resulting in the generation of a repulsive force. This includes materials

like water, proteins, diamonds, etc. [51]. Diamagnetic levitation has found applications
in fluid dynamics [52], development of high-precision gyroscope [53], development of force
sensors [51], magnetic bearings [55] amongst several others.

Paramagnetic materials are conducting materials that are weakly attracted to mag-
nets. The source magnetic field induces a magnetic field in the material which results in
the generation of an attractive force. This includes materials like aluminum, silver, gold,
etc. Levitation of paramagnets has found applications in spheres like magnetic levita-
tion transportation using aluminum [56], and measurement of the density of liquids [57],
amongst others. However, there is significant scope for further exploration within this field.

Ferromagnetism is a type of magnetism associated with the elements iron, cobalt, nickel,
and some alloys or compounds containing one or more of these elements. The study of
ferromagnetic materials has been the most popular among the various magnetic levitation
applications. Owing to their relative magnetic permeability being greater than 1, the
magnetic fields induced in these materials are in the same direction as the source magnetic
field. This results in the generation of an attractive force between the material and the
magnetic field. Due to the special properties of ferromagnetic materials, they have found
applications in fields like magnetic bearings [53], position manipulation [59], and magnetic
navigation [60] amongst several others.

Finally, superconducting materials have also found significant interest within academic
environments for research-related activities. Superconducting magnets are made from su-
perconducting wires cooled to cryogenic temperatures during operations. Through this,
these materials have negligible resistance. Thus, significantly higher amounts of currents
can be sustained in this material with no losses due to heat dissipation. Superconducting
materials have found applications in the study of MaglLev train technology [01], magnetic
bearings [(2], positional manipulation [(3], amongst others.
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3.2 Introduction to Additive Manufacturing

AM has also been a primary point of emphasis for research within the academic environ-
ment. AM deviates from conventional subtractive manufacturing techniques by building
structures using a 'layer-by-layer’ approach. This approach offers significant flexibility and
versatility in terms of the complexity of shapes, customizability, and application of parts
built. The use of a wide variety of materials like metals, ceramics, and polymers also makes
the technique highly appealing for several applications [64].

The prevalence of AM in fields like tooling, repair, and reconditioning [(5], the aerospace
industry [66], medical implants [67] with a special focus on the development of metallic
implants [08], dental devices [09] and micro-fabrication of microrobots [70] amongst several

others has significantly strengthened the importance of the field. There are several different
techniques that fall under the umbrella of AM techniques.

3.2.1 Types of AM Techniques
Vat Photopolymerisation

Photopolymerisation utilizes liquids, resins, or photopolymers that react to the radiation of
UV lights to solidify using chemical reactions. Vat polymerization is an AM technique that
uses this technique to 3D print complex geometries by curing these materials in a layer-by-
layer fashion [71]. This technique offers some advantages like good accuracy, good surface
finish, and build-in volumes. However, this technique also requires support structures, post-
processing, and post-curing, and is a relatively expensive process. Vat Photopolymerization
has found applications in fields like bioprinting [72], tooling applications [73], amongst
others.

Material Jetting

In this AM process, droplets of build material are selectively injected onto a substrate and
cured by UV light in successive layers [74]. This technique facilitates the fabrication of
flexible parts from rigid opaque to rigid transparent while offering high resolution and high
accuracy. However, this technique is relatively expensive, requires support material, and
is vulnerable to shrinkage and creep. This technique has found applications in fields like
biomedical applications [75], ultrasound applications [7(], amongst others.
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Binder Jetting

While most other AM techniques require the use of a heat source to facilitate fabrication,
binder jetting relies on the use of glue to bind particles layer-by-layer to fabricate a part.
Thus, binder jetting bypasses the need for a heat source [77]. Binder jetting AM offers high
speed of fabrication, versatility, simplicity, and minimal wastage of materials. However,
the functionality of parts produced is relatively limited, usable materials for this technique
are also restricted, and the overall surface finish is also not ideal. This technique has found
applications in fields like electrochemical energy storage [7%], and biomedical applications
[79] amongst others.

Material Extrusion

This technique is based on the thermoplastic extrusion technique. It simply relies on
a syringe-based injection of material on a layer-by-layer basis. The material state (i.e.,
molten or solid) is controlled using temperature [71]. This technique facilitates the fab-
rication of functional polymeric parts and makes material change easy for subsequent
operations. However, this technique also has restricted accuracy, unpredictable shrinkage,
and relatively poor surface quality. The process is also slow and requires the use of support
structures. The technique is useful to develop models for conceptualization and has also
found applications within the biomedical industry [30].

3.2.2 Metal Additive Manufacturing

Metal AM processes are reliant on the delivery of feedstock materials like sheets, powder, or
wire on a substrate/object, melting the feedstock materials using a reliable energy source
like lasers, electron beam/arc amongst others, and the subsequent solidification of the
material in a layer-by-layer approach [31]. The ability to make complex parts using metals
makes it a prime candidate for further research.

Laser Powder Bed Fusion Additive Manufacturing
Laser powder bed fusion AM (LPB-AM) is a metal AM technique that utilizes a pointed

source like lasers or electron-beam to fuse powders being spread by a roller from storage
to build a part [$2]. This technique has several advantages including the use of several
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different types of metals for the application and development of complex parts with rel-
ative ease. However, the technique also requires post-processing operations, the use of
support structures, and high residual stress and porosity of the part. LPB-AM has found
applications in fields like aerospace [33], biomedicine [$4], and tooling applications [35].

Laser Directed Energy Deposition via Powder Feeding (LDED-PF)

Also known as Laser Powder Fed Additive Manufacturing (LPF-AM), this AM technique
relies on the dispersion of powders through a nozzle onto a build surface. A high-power
pointed heat source like a laser, electron beam, or plasma arc is then used to melt the
powder. The melted powder solidifies in the desired shape of the part being built [36].
The key advantages of this technique are the ability to use several different metal powders,

the fabrication of objects with embedded sensors [37], and the improved quality of parts
produced. This technique has found applications in fields like aerospace [33], biomedical
[88], repair and reconditioning [39], and coating [90] amongst many others.

3.3 Focus of this Research

From a magnetics perspective, critical emphasis is placed on the use of repulsive levitation
techniques to facilitate the suspension of paramagnetic materials like aluminum, copper,
titanium, etc. The key reasoning behind the decision was dictated by the applications of
various materials within the AM environment. As explained in Chapter 7, paramagnetic
materials like aluminum, titanium, copper, et cetera have significant applications within
the AM environment. While ferromagnetic metals like iron also have applications within
AM environment [91, 92], the other materials discussed have significantly more applications
and a better track record.

From an AM perspective, the LDED-PF technique has been emphasized in this research.
The LDED-PF technique generates tool paths for deposition using sliced cross-sectional
dimensions obtained from CAD models. The material nozzle head carries the material
(usually powder form) along with an inert gas (e.g. argon) to deliver the feedstock material
onto the build surface. Through the use of a power source (e.g. laser), the material
deposited is melted and solidified to build parts using the layer-by-layer approach, as
described in [93]. This makes the technique most compatible with a magnetic levitation
system to replace the build surface.

According to [91], the critical process parameters associated with the implementation
of the LDED-PF technique arise from two critical steps: The delivery of heat and mass
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Figure 3.2: Visual Representation of Governing Equations

onto the build surface and the interaction of the heat and mass at the build surface. The
parameters of relevance include laser source ignition, gas-powder delivery, powder stream,
laser beam interaction, and melt pool formation by heat conduction, amongst several
others. These parameters aid to determine the quality of parts built with LDED-PF.

3.4 Governing Equations

3.4.1 Ampere’s Law

Ampere’s Law (shown in Fig. 3.2a) relates the integrated magnetic field around a closed
loop to the electric current passing through the loop. This is shown empirically in Equation
3.1. In integral form, the equation is given by 3.2.

]4 Budl = gyl (3.2)

where B is the magnetic field, pg is the permeability of free space, and I, is the current
enclosed within the Amperian loop.
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3.4.2 Faraday’s Law

Faraday’s Law (shown in Fig. 3.2b) states that a time-varying magnetic field induces an
electric field within a conductor placed within close proximity of the magnetic field source.
This induced electric field results in the production of an induced EMF within a conductor
placed within the sphere of influence of the magnetic field. Empirically, Faraday’s Law is
given by Equation 3.3. The differential form of the equation (through the application of
Stoke’s theorem) is given by 3.4.

__4d¢
fﬂm_ i (3.3)
0B

where E is the electric field, ¢ is the magnetic flux, and 1 is the length of the conductor.

The induced EMF within the conductors results in the production of a current within
the conductor. These induced currents are called eddy currents.

3.4.3 Lorentz’ Force Law

The Lorentz force law relates the force generated by magnetic fields interacting with moving
charges, shown in Equation 3.5. Fig. 3.2c shows the pictorial representation of the law.

F=Q[E+ (vx B)] (3.5)

where QQ is the moving charge moving with a velocity v in a magnetic field B.

Since currents in conductors are charges per unit time passing a given point, Equation
3.5 can be transformed to Equation 3.6

F:/[E+(v><B)]dq:/[E—i—(va)])\dl

Here, X\ is the charge density, and v is the speed of a charge in a magnetic field B.
The relationship between the induced eddy currents and the charged particles is described
next.
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J =\

where J is the current in the conductor.

F:fﬁE+Jxm (3.6)

Thus, the relationship tracking the interactions between the magnetic fields and current-
carrying conductors has been clearly established. It can also be assumed that the electric
field of the system is 0. Thus, the Lorentz force equation is shown in Equation 3.7.

F:fJxB (3.7)

3.5 Working Principle

The various laws presented in Section 3.4.1, 3.4.2, and 3.4.3 all contribute to the develop-
ment of the working principle of the system.

From Ampere’s Law, it can be concluded that the time-varying current supplied to a
set of coils will produce a time-varying magnetic field. These fields have both radial and
axial components.

From Faraday’s Law, the time-varying magnetic field produced by the coil induces an
electric potential on the conductor placed in the sphere of influence of the coil. This electric
potential results in the induction of currents (also known as eddy currents).

Finally, from Lorentz Law, the induced currents on the plates interact with the magnetic
fields of the coil to produce a force. This resultant force is referred to as the levitation force
from here on. This theory serves as the basic working principle of the levitator design.

3.5.1 Vertical Force for Stable Levitation

The induced eddy currents interact with the primary time-varying magnetic field. Accord-
ing to the principle of Lorentz’ force, there is a force generated through the interactions of
the magnetic fields of the induced eddy currents with the magnetic fields of the coil. This
results in the generation of a force that results in the stable suspension of the solid. The
Lorentz force is defined by Equation 3.8, presented in Section 3.4.3.
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F:///VJXBdV (3.8)

As shown in Equation 3.8, the vertical levitation force is a function of the induced eddy
currents and the magnetic field of the primary coil setup. Both of these parameters are
primarily dependent on the magnitude of the applied current (peak current), the frequency
of the alternating current supply, and the material properties of the levitated geometry.

3.5.2 Position Relative to the Levitation System

In order to conduct AM operations, it is necessary to gain positional control of the sus-
pended object. In conventional methods, the substrate provides the relevant constraining
forces necessary to prevent motion during the operation. Thus, it is necessary to hold the
object at the desired height with stability. Since the stability in the vertical direction is
primarily dependent on the vertical force imposed on the object, the position of the sus-
pended object is also dependent on the magnitude of the applied current and the associated
frequency of the alternating current supplied to the coils. By altering the input current
and associated frequency of the levitation system, the position of the levitated geometry
can be controlled.

3.6 Description of the Levitation System

The levitator setup consists of two cylindrical coils carrying time-varying sinusoidal cur-
rent, as shown in Fig. 3.3a. The coil closer to the center (i.e. the primary coil) is used
for the generation of the primary vertical force. The coil closer to the outer edge (i.e. the
secondary coil) is utilized for the generation of stabilizing lateral forces. These coils are em-
bedded within a high magnetic permeability material called the core to facilitate improved
magnetic focusing of the levitation system. The two coils carry current in the opposite
direction, as highlighted in Fig. 3.3b. The overall system implementation schematic has
been highlighted in Fig. 3.3c.

3.6.1 Fill Factor of Coils

To determine the height of the coil, the concept of the fill factor was utilized. The fill
factor is the ratio of the area of the electrical conductor (c¢/s area of the wire) to the area
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of the provided space (c/s of the coil), as shown in Equation 3.9. If all dimensions (i.e. the
dimension of the conductor, number of turns, and mean radius of the coil) are known, the
fill factor can be used to determine the dimension of the coil.

TN
b.h

Where FF is the fill factor, d is the diameter of the wire used, N is the number of turns
of the coil, b is the coil width and h is the coil height.

FF =

(3.9)

3.6.2 Skin Depth Effect

Eddy currents are produced within a characteristic length called the skin depth. There are
very minimal eddy currents produced beyond this length since the reactionary magnetic
field cancels out the effects of the primary magnetic field. Beyond this length, there
are eddy currents induced within the conductor [95]. The skin depth is calculated using

Equation 3.10.
1
§ = 3.10
\ 7 7o (3.10)

Where f is the frequency, p is the relative permeability and o is the conductivity of the
material.

3.6.3 Electromagnetic (EM) Coils as RLC Circuit

As explained in [96], the impedance of the EM Coils, which is the overall resistance offered
by the levitation system is a combination of its DC resistance, inductive reactance, and
capacitive reactance is given by the Equation 3.11.

7= \/Ro — (Xp — Xo)? (3.11)
where X is the inductive reactance, X¢ is the capacitive reactance, Rpc is the DC

resistance and Z is the impedance of the levitation system. The inductive and capacitive
reactance is given by Equation 3.12.
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where L is the inductance of the coils, C is the system’s parasitic capacitance, and f is
the frequency of the input.

X, =2rfL, Xo = (3.12)

3.6.4 Analytical Modelling of RLC Circuit
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Figure 3.4: Circuit modeling of Two Concentric Coils Carrying Current in the Opposite
Direction

Fig. 3.4 represents the RLC circuit modeling of the levitation system. The levitation
system is made up of two coils. Each coil can be treated as an inductor with some internal
resistance. The interaction of the magnetic field between the two coils also results in the
induction of mutual inductance between the two coils.

Using Kirchhoft’s voltage loop rule, the circuit can be represented in Equation 3.13.

Here, R, is the internal resistance of the inner coil (coil 1), Rs is the internal resistance
of the outer coil (coil 2), L is the self-inductance of coil 1, Ly is the self-inductance of coil
2, L15 and Lo is the mutual inductance between the two coils, w is the angular frequency
(2.w.Frequency), j is the square root of -1.

The coil characteristics can be measured and the Equation 3.13 can be solved to deter-
mine the current through the coil for given voltage input. Since ANSYS Maxwell calculates
the input current from the voltage definition, using the analytical model is an excellent
strategy to double-check whether the simulation inputs defined are correct.
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3.6.5 Magnetomotive Force of Coils

The force of levitation is directly affected by the Magnetomotive Force (MMF) of the coils.
The MMF is the product of the number of turns of the coils to the current through the
coils [97]. According to [5], the average force of levitation is derived as:

(Nl - N2>2102/1“0Aai7'gap
422

Fy,,, = (3.14)

where N1 and N2 are the numbers of turns of coil 1 and coil 2 respectively, I is the
current through the coils, pg is the permeability of free space, Agirgqp is the area of the
air gap under the disc and z is the distance of the disc from the levitation coil. N x [
is the magnetomotive force, which is the line integral of the magnetic intensity around a
closed line. Maximizing N x [ is the objective function of the development of this system
while minimizing inductance 'L’, as well as the resulting impedance 7’ which is the cost
function. A higher resultant levitation force is a necessity to counteract the opposing force
(weight) imposed by the deposition of material on the disc substrate in an AM environment.
The inductance of a multi-coil, multi-core system is a non-linear property, and theoretical
calculation of the same is not an objective for this research, it will be calculated and
minimized through simulations using ANSYS Maxwell.

3.7 Modelling the Impact Forces of Powder Deposi-
tion

In order to develop a magnetic levitation system suitable for AM applications, it is im-
perative to determine the impact forces of powder deposition on the substrate. Since
the research presented in this report deals with LDED-PF, the impact forces of powder
deposition are modeled. The analysis presented here makes some assumptions. These are:

e The analysis assumes a steady flow of powders and the impact of air friction is
negligible. Since AM operations occur in a vacuum, this assumption is fair.

e Since the size of the particles is very small and originates at the same source, the
collisions between the particles can be ignored.

The theorem of transfer of momentum is given by Equation 3.15.
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Figure 3.5: Model of Powder Particle

FAt=muw (3.15)

where m is the mass of the powder particle, v is the velocity of the particle, F is the
impact force and At is the instantaneous time of impact, as shown in Fig. 3.5. The
impact forces are decomposed to their axial (F},) and radial (F}.) directions. This is given
by Equation 3.16.

musing = F, /At

3.16
mucost = (mg + F,) At (3.16)

According to [98], the velocity of powder particles employed during LDED-PF opera-
tions is about 2 m/s. The exact velocity of powder particles will be calculated based on
the dimensions of the nozzle and the volumetric feed rate of the coupled powder and gas
flow and is given by Equation 3.17 obtained from [99].

(3.17)

Cow(rd —r?
Where v, is the velocity of powders, V is the volumetric feed rate of the coupled powder

and gas flow, r, is the outer radius of the nozzle outlet and r; is the inner radius of the
nozzle outlet.
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Chapter 4

Feasibility of a Magnetic Levitation
System with Additive Manufacturing
Applications

This chapter presents the development of the very first prototype of a magnetic levitation
system to implement within the additive manufacturing environment. The system was
only implemented within the simulation environment to highlight the initial feasibility of
a magnetic levitation system for Laser Powder Fed Additive Manufacturing Applications.

The Electrodynamic Levitation System consists of two concurrent coils carrying cur-
rents in opposite directions. The two coils are embedded within a ferrite core, which is
a high magnetic permeability material that houses the coils and is meant to improve the
magnetic focusing capabilities of the coils. For the analysis conducted here, the radius of
the disc levitated was taken to be 25 mm. The material selected for the disc is AlSil2,
a common aluminum alloy used for AM applications. The maximum outer diameter of
the levitator was taken to be 70 mm due to spatial restrictions. The remaining constant
parameters are highlighted in Table 4.1.
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Table 4.1: Initial and Constant Parameters for Optimization

Constant Parameters
Input to Coils
Frequency 1000 Hz
Input Current 5 Amperes
Dimensions of Core
Outer Diameter of Levitation System | 70 mm

Levitation system height 50 mm
Coil Characteristics

Coill width 20 mm

Coil 2 width 10 mm

Initial Coil Height 30 mm

N1 1000

N2 500

4.1 Optimization of Coil

4.1.1 Optimization of Radial Placement of Coils

The levitator setup was optimized with consideration for lateral and axial forces. The
optimization was conducted to obtain the optimum position of the two coils within the
ferrite core. The optimization parameter is the ratio of the mean radius of the primary
coil (coil responsible for the development of the levitation force) and the secondary coil
(coil responsible for the lateral restoration force). Two different scenarios were considered
here — The levitation disc is placed at its equilibrium point (X = 0, Y=0, Z=0) and the
levitation disc is given a displacement (X = 5 mm, Y=0, Z=0). The lateral and axial
forces for the two scenarios are plotted. It can be seen in Fig. 4.1 that R1 = 10 and R2 =
25 produce the best combination of the vertical and lateral forces in the two situations.

4.1.2 Optimization of Height of Coils

22 AWG wires were used for the analysis (d,, = 0.6438mm). Copper wires possess some
internal resistance. This puts an upper limit on the maximum current that a wire can
support. This maximum current is, thereby, a function of the wire resistance. The wire
resistance is a function of the dimensions of the wire. Thus, it is crucial to determine the
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wire gauge for the coil. Since the anticipated current supplied to the system isn’t expected
to exceed 5 A, a 22 AWG wire can be utilized for the prototyping endeavors.

Since round wires will always have some gap, and wires also have some space required
for insulation between turns and between layers, the fill factor, as described in Section 3.9,

is always smaller than one. A 20% tolerance was assumed for the analysis. Thus, the fill
factor was assumed to be 0.8.

All dimensions pertinent to the calculated height of the coil using the principle of fill
factor are known. Thus, using Equation 3.9, the calculated height of coil 1 is given by
Equation 4.1 and the calculated height of coil 2 is given by Equation 4.2.

T 0.64382.1000
10.(0.8)

heoinn = = 40.69mm (4.1)
T 0.64382.500

h 0il2 —
otz 5.(0.8)

= 40.69mm (4.2)
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4.2 Simulations and Results

4.2.1 Test Cases for Analysis

The RMS current and the frequency of the alternating current supplied are the key pa-
rameters driving the magnitude and direction of the levitation force generated. ANSYS
Maxwell has been used to determine these parameters.

For this analysis, three separate cases were considered. Some specifications for the
system are shown in Table 4.2. The test cases mimic the addition of deposited layers and
the associated levitation forces generated. The first test case only considers the initial disc.
The second test case considers the addition of a disc on top of the initial disc. The third
test case considers the addition of two discs on top of the initial disc. It should be noted
that the solids suspended are composed of AlSil2.
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Table 4.2: Specifications of the Three Cases Considered

Case Base Plate Layer 1 Layer 2
r = 25 mm
Case 1 | h =5 mm - -
Mass = 0.026 kg

r =25 mm r =20 mm
Case 2 | h = 5 mm h=5mm -
Mass = 0.026 kg | Mass = 0.0047 kg
r = 25 mm r = 20 mm r =5 mm
Case 3 | h =5 mm h=5mm h=5mm

Mass = 0.026 kg | Mass = 0.0047 kg | Mass = 0.0011 kg

4.2.2 Calculation of Lift Current

First, the emphasis is placed on the calculation of the lift current. The lift current is defined
as the minimum RMS current required to stably levitate the objects (details in Table 4.2)
at specific frequencies (800 - 1000 Hz). The analysis is done to calculate the RMS current
8mm and 15 mm away from the levitator. The calculation is conducted through the use
of the principle of least square fitting.

y =0.1046x2 + 6E-06x + 2E-05 °
2.5 R*=1 !

N)

Levitation Force (

Peak Current (A)

Figure 4.3: RMS Current vs Levitation Force
To do this, a plot depicting the relationship between the magnitude of the current
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of the AC Supply and the z-component of the levitation force was developed. This was
obtained by documenting the levitation force for various current inputs for an alternating
current supply. The levitation force was documented for the various RMS currents at 1000
Hz frequency. Through least square fitting, the equation of the curve was obtained. This
equation was then used to interpolate the required RMS current for stable levitation. The

required force (i.e. the weight of the disc suspended) was given a tolerance of 10%. The
plot is shown in Fig. 4.3.

Finally, the fit equation was equated to the gravitational force of the mass to be sus-
pended, as shown in Equation 4.3. Solving, the ’lift’ current, i.e., the current required to
be supplied to the current carrying coil to stably levitate the mass is obtained. This is
shown in Equation 4.3. As shown in Fig. 4.3, the goodness of fit is 1. This shows that the
least square curve fit equation represents the behavior of the system quite strongly.

LevForce = 0.14051° +6 x 107°7 +2 x 107°
0.026 x 9.81 = 0.14051* + 6 x 10 °7 +2 x 107° (4.3)
I =1.636A

The process was repeated for all cases for 1000 Hz and 800 Hz situations. The results
are shown in Fig. 4.4a and 4.4b.
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4.2.3 Calculation of Lift Frequency

Next, the emphasis was placed on the calculation of the lift frequency. The lift frequency
of the AC supply is defined as the minimum frequency required to stably levitate the solids
(Table 4.2) at specific RMS currents (4 & 5 A). The calculation of the RMS frequencies is
also conducted using least-squared fitting. Similar to the analysis shown for the calculation
of the lift current, a plot of frequency vs levitation force is developed and used to develop
the least squared fitting equation. The analysis is done for all cases at 8 mm and 15 mm
away from the levitator. The results are shown in figure 4.5a and 4.5b.

4.3 Validation

In an attempt to verify the calculated currents and frequencies, an analysis was conducted
in the transient domain. The Transient Module for ANSYS Maxwell 2D was used. The
module provides the capability to observe the variation of several parameters (like force,
position, velocity, etc.) as a function of time. ANSYS 2D module was used to ease meshing
and thereby reduce computation time.

The primary objective of the analysis here is to show that the lift current calculated here
was sufficient for the stable levitation of the solid. For this verification, Case 1 (Table 4.2)
was used. The mass of the solid suspended is 0.026 kg. The alternating current supplied
to the levitator is shown in Fig. 4.6a. It shows the characteristics of the input current
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Figure 4.6: Input Current, Position of Disc and Levitation Force vs Time - ANSYS Maxwell

(1.636 A RMS Current, 1000 Hz Frequency). The current calculated stably levitates the
solid at 8 mm above the levitator setup.

4.3.1 Parameters vs Time

The simulations are conducted based on the model described. The primary parameter
that needs to be observed to validate the model is the position of the solid as a function
of time. Ideally, the solid would rise to the desired height (8 mm above the levitator) and
stay there. However, due to the sinusoidal nature of the forces produced, slight oscillations
are acceptable. The plots for the position of the solid as a function of time (as shown in
Fig. 4.6b) and the vertical levitation force (as shown in Fig. 4.6b) are obtained.

4.3.2 Temperature vs Time

The method discussed here depends on the generation of eddy currents. Due to the pro-
duction of these currents, there are some heat losses within the solid being levitated. Thus,
it is crucial to conduct a thermal analysis on the system to ensure that the material stably
levitated does not heat up excessively too quickly. Thus, to conduct this analysis, ANSYS
transient thermal module was used.

The induced eddy currents primarily exist within a characteristic length known as the
skin depth (6) [95], as described in Section 3.10. The induced eddy currents that exist
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beyond this characteristic length are very small, and thereby can be ignored. The skin
depth is a function of the frequency, permeability, and density of the materials. For the
test cases discussed here, the ¢ value computed is shown in Equation 4.4. Since the currents
are produced within this depth, the heat losses originate within this band.

1
0= = 2.593mm (4.4)
T Jolt

where fj is the frequency of operation, mu, is the relative permeability and g is the
permeability of free space

To depict the sustainability of the model, the maximum value of the heat losses pro-
duced amongst all nodal points (extracted from the ANSYS EM Maxwell module) is uni-
formly fed to all nodal points within the skin depth of the disc. This ensures that the
temperature estimated is higher than the actual temperature distribution of the disc. The
primary objective of this estimation technique is to ensure that even in relatively harsh
circumstances, the system can be feasible. For the analysis, the ambient temperature is
assumed to be 22° C.

Fig. 4.7a shows the variation of the temperature of the solid as a function of time. The
analysis is conducted for 12 seconds here. As it can be seen, the maximum temperature
increase after 12 seconds is about 4° C. Using least squared fitting, the time required to
heat the system to the Melting Point of AlSi12 (660° C) is computed. The fitted curve for
the temperature vs time function is shown in Fig. 4.7b. As can be seen, the melting point
of the solid is achieved after 2850 seconds. Thus, with external cooling, stable levitation
can be achieved for extended periods without melting the solid being suspended.

4.4 Summary

The research presented in this chapter aims to highlight the initial viability of a magnetic
levitation system for AM applications. This is established by highlighting that the levita-
tion system can suspend aluminum alloys (like AlSi12) for extended periods. The initial
system developed has been optimized to levitate a 25 mm radius and 5 mm height AlSi12
disc. The lift current and lift frequencies to levitate the disc 8 mm and 15 mm above the
levitation system have been calculated. Three specific cases were considered: Suspension
of the disc, suspension with one layer on the disc, and suspension of 2 layers on the disc.
The performance of the calculated parameters was subsequently verified through the use of
the transient module within ANSYS Maxwell. The variation of critical output parameters
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Figure 4.7: Temperature vs Time - Simulation

like the position of the disc vs time and levitation force vs time were obtained from ANSYS
Maxwell and the results were compared with the expected outcomes. Since the outcomes
from ANSYS Maxwell matched closely with expectations, the overall system performance
was verified. Thus, the system successfully highlights the initial compatibility of the mag-
netic levitation system for AM applications. There is a strong dependence on the use of
simulations through ANSYS Maxwell. However, given the high fidelity of the simulation
results and the reliability of these simulations, the results presented are well grounded.

However, there is a very harsh constraint on the outer diameter of the levitation system
of 70 mm. In addition, only 22 AWG wires were considered for the analysis, resulting in a
relatively low current carrying capacity of the coils. Several pertinent coil parameters (like
the width of coils) could also be modified to improve the overall system performance. Thus,
the current system was only developed in the simulation environment. The constraints on
this system were relaxed to further improve the overall system performance.
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Chapter 5

Laminated and Solid Core System

5.1 Need for Laminated and Solid Core System

A working prototype of a magnetic levitation system with compatibility within the AM
environment has been developed by the authors in [96]. The research has been subsequently
emphasized in my colleague’s thesis, as highlighted in [100].

To summarize, a magnetic levitation system prototype with a dimensional constraint
of 90 mm on the outer diameter of the system was developed. The system operated on
the same working principle as highlighted in Section 3.5. Two coils were embedded in a
high-permeability pure iron core. The inner coil consists of 920 turns and the outer coil
consists of 800 turns, resulting in a Nyner coit @ Nouter cot = 1.15. The levitation system is
successfully able to facilitate stable suspension of an aluminum disc with a diameter of 50
mm and a height of 5 mm and a mass of 26 g.

However, there were some critical challenges encountered with the levitation system.
First, the harsh constraint of 90 mm placed on the outer diameter of the levitation system
resulted in a decrease in the efficiency of the system. In order to produce the levitation
forces necessary for stable suspension, a high number of turns were needed. This resulted
in an increase in the height of the levitation system. This, subsequently, resulted in a
stark increase in the impedance of the levitation system. Thus, there was a clear need to
revise the constraint placed on the system. The levitation system was constrained based
on the volume occupied by the levitation system, as opposed to the outer diameter of the
levitation system.

Second, the pure iron core utilized has a maximum allowable permeability of 9500.
However, the high permeability is encountered at a high magnetic field output of 1.5 T of
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the coils. However, with the maximum allowable input to the coils, the maximum magnetic
field measured is within the range of 0.1 - 0.2 T. This results in a significant reduction in
the permeability of the core of 700. Thus, there was significant scope to improve the
permeability of the core of the levitation system.

Finally, as highlighted in Article [90], the strength of the outer coil is very high. This
results in the generation of sufficient forces in the lateral axes. However, as highlighted in
Section 3.6.5, the inner coil and outer coil are in constant competition to determine the
overall strength of the coils. Thus, to compensate for the high strength of the outer coil,
a 40  resistor was added in parallel to the levitation coil. This results in a reduction in
the current output of the outer coil, therefore, reducing the current through the outer coil.
However, this also results in a reduction of the efficiency of the system, since the current
supplied to the resistor is essentially wasted energy.

The levitation systems developed in this chapter aim to improve the system’s overall
performance developed in Article [96].

5.2 System Description

Laminated cores are comprised of sheets coated with insulated materials stacked together
to form the core. Laminated cores are used to prevent the induction of eddy currents within
the core, therefore minimizing the losses occurring due to the induced eddy currents, as
highlighted in Section 2.4.1. Pre-defined sized lamination sheets were used to replace the
core within which the levitation coils are embedded.

Following the development and successful implementation of the laminated core sys-
tem, it was also deemed relevant to develop a levitation system comprised of a solid core
system. The use of a solid core offers significantly more flexibility with the optimiza-
tion of dimensions, resulting in a potential improvement of the system. This is because
the laminated core sheets were selected from preexisting and pre-cut lamination sheets to
facilitate cheaper and faster fabrications. However, the solid core system would offer sig-
nificantly more control over design variables, offering avenues for improved performance.
The implementation of both levitation systems has also been presented in [101].
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Figure 5.1: Stacking Factor Analysis

5.3 Comparison of Laminated and Solid Core System
Performance

The stacking factor (also known as the lamination factor or space factor) is the ratio of
the volume of the electrical core material to the overall volume available. Since lamination
sheets have some electrical insulation coatings, the stacking factor, by definition, is less
than one.

The stacking factor has a significant impact on the performance of the levitation system.
As highlighted in [102], with a decrease in the stacking factor of the laminated core, there is
a reduction in the relative permeability of the material. This would impact several critical
parameters like the magnetic field, levitation force, etc.

Since the laminated core is free from eddy current induction within the core, there is a
stark improvement in the system performance for relatively high lamination stacking factors
(< 0.7). This was verified using ANSYS Maxwell. For the analysis, the material property
of the stacking factor was varied and the levitation force was studied. The pertinent system
parameters have been highlighted in Fig. 5.1a.

The variation of the levitation force as a function of the stacking factor of the core
has been presented in Fig. 5.1b. As it can be seen, for low stacking factors, there is a
significant reduction in levitation forces. However, for stacking factors of 0.7 to 0.9, the
levitation forces are relatively similar. When compared to the solid core system with the
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Figure 5.2: Lamination Sheets Alternatives Compared

same system specifications, the laminated cores have a significantly better performance.
Thus, the viability of a laminated core system has been highlighted through this analysis.

5.4 Optimization of Laminated Core Levitation Sys-
tem

Laminated sheets are usually available in pre-defined dimensions. It is possible to cut
custom-sized sheets to build the core. However, the process of cutting hundreds of sheets
to a custom size would be too time-consuming, and existing lamination sheet sizes can
also produce satisfactory system performance. Thus, in order to facilitate fast fabrication,
pre-defined lamination sheets are used for the research.

5.4.1 Selection of Lamination Sheet Size

Three different alternatives of lamination sheet sizes were obtained from a local manufac-
turer’s catalog and have been presented in Fig. 5.2. These laminated sheets were then
subjected to simulation analyses using ANSYS Maxwell. It should be noted that all these
laminated sheets were stacked around the z-axis. A central hole of 23 mm was added to
all alternatives to maintain consistency. 18 AWG (with a current carrying capacity of 5
A) was used within all lamination core systems. The levitation force on a disc of 60 mm
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radius and 5 mm height made of aluminum and placed 2 mm above the levitation system
was studied and plotted. The input supplied to the system is 5 A at 60 Hz. A stacking
factor, which is the ratio of the volume of lamination sheets within the assembly to the
total volume available, of 0.7 was considered and a fill factor, which is the area of copper
wires in coils to the total area available, of 0.7 was considered for the simulations.

Sizes of lamination sheets smaller than these alternatives produced very low levitation
forces, with forces < 1 N for 1 mm levitation height which is lower than the weight of the
disc (1.49 N). Sizes higher than these produced a very high impedance (over 60 ohms),
therefore losing the ability to provide a 5 A current input to the coils with a 300 V voltage
input.

Fig. 5.3 highlights the output specifications of the laminated core system. The number
of turns has been presented in Fig. 5.3a. As expected, alternative 2 has the highest number
of turns for both the inner and outer coil. However, as highlighted in Fig. 5.3b and 5.3c,
the output inductance and impedance of the alternative 3 are the highest as well. Most
notable, however, the levitation force of alternative 2 is the highest, as highlighted in Fig.
5.3d. The power output of alternative 2 (as highlighted in Fig. 5.3f) was also lower than
that of alternative 3. With all parameters considered, alternative 2 was pursued in this
application.

5.4.2 Wire AWG Selection

For the initial phase, the wire AWG was selected arbitrarily as 18 AWG but applied to all
alternatives to maintain consistency. However, several important considerations such as the
number of turns of coils, the strength of coils, which is the product of the difference of the
number of turns of the outer and inner coils to the current through the coils, inductance,
impedance, and levitation force are contingent on the wire AWG. Thus, a deeper analysis
is conducted for the wire AWG selection using ANSYS Maxwell. For the analysis, 16-20
AWG wires are considered.

Fig. 5.4a highlights the number of turns of the inner and outer coils for the various
wire sizes. It should be noted that the fill factor used for the analysis was 0.7. The current
carrying capacity of these wire AWG alternatives is presented in Fig. 5.4b. The maximum
current was capped at 10 A, based on the maximum current output of the hardware used.
With the development of the number of turns and maximum current carrying capacity, the
strength of the two coils was calculated and presented in Fig. 5.4c. As can be seen, the
use of 20 AWG produces the best strength of coils. The performance of the different wires
was also studied in ANSYS Maxwell. While 20 AWG wire has the highest impedance, as
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Table 5.1: Initial and constant parameters

Parameter Value
Input Current 5A
IR1 34 mm
IR2 67 mm
Radius of Hole 23 mm

Height of Coils 33.5 mm
Levitated Material | Aluminum

Height of Disc 2 mm above levitator
Frequency 50 Hz

Wire AWG 18 AWG (6 A Max)
Core Material Low Carbon Steel

shown in Fig. 5.4d, the impedance is still low enough to facilitate the supply of 5 A with
300 V input. The levitation force produced with 20 AWG wire was also the highest. Thus,
20 AWG was pursued in this application.

5.5 Optimization of the Solid Core System

For the optimization of the solid core, the direct substitution method was employed after
reviewing several other strategies highlighted in Section 2.3. This optimization strategy has
been employed for the development of the first iteration of the levitation system developed
by the authors [96]. For the optimization, the selected dimensions of the laminated core
system were taken as the initial parameters. The dimensions of the coils are subjected to
the optimization process. The initial parameters have been listed in Table 5.1. The critical
constraint placed on the system was that the impedance should not exceed 50 ohms, to
ensure a 5 A current input with a 300 V input at 50 Hz.

5.5.1 Optimization of Coil Widths

Fig. 5.5a and Fig. 5.5b highlight the variation of levitation force and impedance as a
function of the width of the inner coil (coil 1) and outer coil (coil 2) respectively. It
should be noted that the number of turns for both coils is adjusted in accordance with
the dimension. For dimensions of coil width greater than 14 mm, the impedance of the
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system is higher than 60 €2, resulting in the input current being lower than 5 A, which is
the current carrying capacity of 18 AWG wire. As it can be seen, the width of both the
inner coil and outer coil produces the highest levitation force and an acceptable impedance
is obtained at a width of 14 mm.

5.5.2 Optimization of Radial Placement of Coils

Fig. 5.5c¢ and Fig. 5.5d highlight the variation of levitation force and impedance of the
system as a function of the inner radius of the coils respectively. With the coil width deter-
mined, the determination of the inner radius of the coils determines the radius placement
of the coils. The optimized radial placement results in the inner radius of coil 1 as 31 mm
and the inner radius of coil 2 as 67 mm, as highlighted in Fig. 5.5¢ and 5.5d.

5.5.3 Optimization of Height of Coils

The height of the levitation system has been varied and the resulting levitation force (Fig.
5.5e) and impedance (Fig. 5.5f) have been obtained. It should be noted that the number
of turns for both coils is adjusted in accordance with the dimension. As it can be seen in
Fig. 5.5f, for coil heights greater than 33.5 mm, the impedance of the system is higher
than 50 ohms. Thus, the ideal height was taken to be 33.5 mm and was pursued.

5.5.4 Wire AWG Selection

Fig. 5.6a and 5.6b highlight the variation of levitation force and impedance respectively for
different wire diameters. Previously, the analysis was restricted to low-frequency inputs.
However, the analysis was extended to higher frequency inputs as well. When restricted
to relatively low frequencies like 50 Hz, the use of 20 AWG wires would be feasible, as
highlighted previously. However, as shown in Fig. 5.6a, there is a significant increase
in levitation force for all wire diameters. However, the impedance goes above the 50 €2
resistance limit for all wire AWG except 16 AWG. Thus, for the solid core system, 16 AWG
wire was selected.
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5.6 Simulation vs Experiment Comparison

For the comparison of simulation data when compared to experimental data, two different
approaches were taken. First, the current measured through simulations and experiments
was compared since input current determines other relevant factors like the magnetic field,
levitation force, etc., it was deemed best to compare the performance of simulation using
the same. For the analysis, the coils were connected in series and carrying current in the
opposite direction. As shown in Fig. 5.7a, the simulation data was in close agreement
with experimental data, with a maximum error of 3.84%. This error can be attributed
to meshing errors associated with simulation using FEA. This verifies the validity of the
simulation data studied so far.

The specifications of the levitation system were also subjected to the analytical model
developed in Section 3.6.4. The self-inductance of the inner coil (L;), the outer coil (Ls),
and the total inductance of the two coils in series and oriented to carry current in the op-
posite direction (L) were measured using a Keysight U1732B LCR meter. The measured
values are highlighted in Equation 5.1.

Ly = 0.05286 H, Ly = 0.08549H, Ly, = 0.1229, R, = 2.115 Q, Ry = 3.372 Q) (5.1)

The resulting data were compared with the experimentally measured current values.
The data obtained from the analytical model is in close agreement with the experimental

data, with a maximum error of 2.62%. Thus, the analytical model was deemed to be a
success.
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The second approach was to compare the steady state position of the levitated disc
obtained experimentally to the steady state position obtained through simulation. Fig.
5.7b highlights the steady state position with a 5 A at 50 Hz input observed experimentally.
The position of the disc is observed to be 7 mm above the levitation system. The simulation
data highlighting the variation of position as a function of time, as presented in Fig. 5.7c,
is in close agreement with the experimental data.

The experimental approach of the comparison of simulation and experimental data
was repeated for the solid core system. As it can be seen in Fig. 5.7d, the current
measurement is in close agreement with each other, with a maximum error of less than
10%. Thus, the validity of simulation data has been verified. As done previously in the
laminated core system, the specifications of the levitation system were also subjected to the
analytical model developed in Section 3.6.4. The measured coil parameters are highlighted
in Equation 5.2.

L, =0.000H, Ly = 0.0084H, Loy = 0.0956H, R; = 0.65 2, Ry = 1.14 Q (5.2)

The resulting data were compared with the experimentally measured current values.
The data obtained from the analytical model is in close agreement with the experimental
data, with a maximum error of 6.21%. Thus, the analytical model was deemed to be a
success.

Fig. 5.7e - 5.7f highlights the steady state position observed experimentally (Fig. 5.7¢)
and using the transient mode of ANSYS Maxwell (Fig. 5.7f). As it can be seen, the
simulation data is in close agreement with experimental data.

5.7 Levitation Experiment

The levitation experiment conducted was deemed a success, as highlighted in Fig. 5.7b
and 5.7e. The experimental analysis was further tested for different system inputs and
dimensions of the disc.

For the laminated core system, Fig. 5.8a highlights the levitation of a disc of 60 mm
radius and 4 mm height at 75 Hz. Fig. 5.8b highlights the levitation experiment with a
disc of the same diameter and height of 6 mm at 75 Hz. Fig. 5.8c and 5.8d highlights the
levitation experiment with the dimensions of disc presented previously at 90 Hz. Thus, the
ability of the laminated core levitation system to stably suspend a disc has been clearly
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established. The versatility to support the levitation experiment at several inputs has also
been highlighted.

The same versatility of the levitation system with a solid core was highlighted. Fig.
5.8e and Fig. 5.8f highlight the performance of the system at 150 Hz and Fig. 5.8g and
Fig. 5.8h depict the system performance at 250 Hz. Thus, the system has been highlighted
to perform satisfactorily with these inputs.

5.8 Compatibility with Additive Manufacturing Ex-
periment

The primary objective of this experimental apparatus is to support AM operations. To
test the feasibility of the same, it was critical to highlight and test certain performance
criteria. This includes the system’s ability to support additional payload and the lateral
and axial stability following powder deposition.

5.8.1 Suspension of Additional Payload

As explained in [90], a critical objective of the levitation system is to support additional
mass as a function of time. This is because of the mass added due to powder deposition
to build geometries using AM. Thus, it is integral for the levitation system to support
additional mass as time goes on. Fig. 5.9b highlights the system’s ability to support an
additional payload of 15.2 g during levitation. Fig. 5.9¢ highlights the addition of a 66.74
g mass on the levitated disc.

Fig. 5.9e highlights the ability of the solid core system to support added payload as a
function of time. This experiment highlights the solid core system’s ability to handle/cope
with payload variation as a function of time. This variation occurs primarily due to the
mass deposition activities encountered within the AM environment.

With the ability to support 66.74 g of aluminum in addition to the levitated disc with
minimal loss of functionality and performance, as highlighted in Fig. 5.9f, it has been
clearly highlighted that the solid core system can sustain additional payloads as a function
of time.
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5.8.2 Impact of Powder Deposition

The impact of powder deposition is another crucial phenomenon that needs to be verified
to ensure the satisfactory performance of the levitation system. Assuming a mass flow rate
of 1 g/min [103], the velocity of powder of 2 m/s [104] and a nozzle angle of 60-degree
[103], the calculator impact force of powder deposition as a worst-case scenario analysis
was found to be 0.01 N in [96] within the axial axis. Adding this as an additional force in
the negative axial axis, the levitation force and levitation position are studied as a function
of time using the transient mode of ANSYS Maxwell.

The resulting levitation force vs time and position of disc vs time plots obtained from
ANSYS Maxwell has been presented in Fig. 5.10a and Fig. 5.10b respectively. As can be
seen, the levitation height reduces from 9.1 mm to 8.97 mm, which is a 1.3% reduction
in levitation height. Thus, the incorporation of the powder deposition force does not
significantly impact the overall stability of the levitated disc. Thus, the compatibility of
the levitation system has been highlighted effectively.

Fig. 5.10c highlights the levitation force as a function of time. The levitation force
is much higher than the impact force of powder deposition. Thus it is safe to assume
the retention of stability despite powder deposition. Fig. 5.10d highlights the position of
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the disc as a function of time. As noted, the levitation height at a steady state was very
similar despite the introduction of powder deposition force. Thus, the performance of the
levitation system has been verified.

5.9 Performance of Levitation System in Different En-
vironments

AM operations are conducted within a variety of different environments. For materials
that are not stable within the air environment, it is critical to conduct the operations in an
environment that ensures the stability of the materials. Thus, these are conducted within
the vacuum environment or the AM machine is filled with argon to prevent the powders
from reacting with air.

Thus, it was critical to study the performance of the levitation system within different
environments. ANSYS Maxwell was utilized for the analysis. Different environments were
considered: vacuum, air, and argon. An aluminum disc was placed 2 mm above the
levitation system. 190 V at 150 Hz is supplied to the coils of the solid core system. From
ANSYS Maxwell, it was found that the three environments produced an identical levitation
force of 3.41 N. Thus, the performance of the levitation system was verified within different
environments.

5.9.1 Stability within the Lateral Axes

Fig. 5.10e highlights the solid core systems stability within the lateral axes. As can be seen,
in timestep 1, the disc has been provided a large displacement (about 30 mm) in the x-axis.
However, timestep 2 - timestep 4 highlight the system’s ability to bring the levitated disc
back to the center with only the forces imposed on the disc from the levitation system.
Thus, it has been highlighted that the system will retain its stability within the lateral
axis.
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5.10 Thermal Analysis

5.10.1 Laminated Core System

The key advantage of using laminated cores is the absence of induced eddy currents within
the laminated sheets that form the core. Thus, there is no power loss within the core which
would directly contribute to the overall temperature of the system. Since the coils also
carry current below the ampacity of 20 AWG wire, which is the maximum temperature
the wires can carry without exceeding the temperature rating of the wire, the temperature
of the system is not anticipated to damage the system. The system operation is restricted
to be below 5 A, while the ampacity of 20 AWG wires is highlighted to be 6 A [105] (17%
lower than maximum current to ensure safe operation).

5.10.2 Solid Core System

Klein Tools MM300 Manual-Ranging 600V Digital Multimeter has been used to measure
the temperature of the solid core system. An input of 200 V at 150 Hz was supplied to
the coils. The measurement is conducted in the outer core for all measurements. A sample
measurement of initial temperature is shown in Fig. 5.11a. The temperature was recorded
after 1 min, 2 min... Up to 5 min of operation. The experimental data obtained was then
documented in Fig. 5.11b and compared to the data obtained from the thermal simulation
analysis.

Solidworks thermal module was used for the analysis. The analytical model previously
developed and verified experimentally was used to determine the power dissipation of the
coils. The calculated power dissipation was found using the equations highlighted in Section
3.6.4. The output power was calculated to be 128 W for both coils combined. The average
eddy current losses were obtained from ANSYS Maxwell and found to be 114 W. These
were subsequently fed into the skin depth of the core since the production of eddy current
diminishes significantly beyond the skin depth. The skin depth at 150 Hz is calculated to
be 6.6 mm. The model used for the thermal analysis is shown in Fig. 5.11c. The simulation
data documented has been presented in Fig. 5.11d.

The error percentage has been plotted in Fig. 5.11e. The maximum error observed is
2.6%. This can be attributed to meshing errors. Thus, the simulation model developed
is quite reliable for the solid core system. The simulation was subsequently run for 20
minutes to determine the viability of the system for 20 minutes of continuous operation
for AM operations.
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Fig. 5.11f highlights the variation of temperature vs time for 20 minutes, as obtained
from Solidworks thermal module. As can be seen, after 20 minutes of operation, the
maximum temperature is 420 K (147 C). The epoxy of magnetic wire has a melting point
of 200 C, which is the most vulnerable component of the levitation system. Thus, it has
been shown that the system will be safe to use for 20 minutes.

5.11 Summary

The development of two distinct new levitation systems has been presented in this chapter.
The two systems offer variations in dimension, wire AWG employed for coil development,
and the core type.

The first system is developed within a laminated core system. The design decisions
to select the optimum system have been presented. The comparison of simulation data
is presented with experimental data, with a variation in current measurement restricted
to 3.84%. The steady-state levitation position of the disc observed experimentally and
through simulation is also in close agreement. The levitation experiment is deemed a
success, with levitation height as high as 8 mm offered at 90 Hz. The compatibility of
the levitation system with AM operations was also tested. The levitation system also
offers the ability to levitate a disc with 66.74 g of added payload, therefore highlighting
the system’s ability to cope with added payload as a function of time. The impact force
of powder deposition was also tested using simulation analyses. With the addition of the
impact force in the negative axial axis, the steady state levitation height reduces by a
mere 0.1 mm, therefore highlighting the system’s ability to retain stability despite powder
deposition activities.

The second system developed is embedded within a solid low-carbon steel system. The
optimization and design decisions with the system development have been presented. As
in the case with the laminated core system, the simulation and experimental data were
compared and observed to be in close agreement, within 10% of one another. The levitation
experiment was also successful at multiple frequencies, offering levitation heights as high
as 8 mm at 150 Hz. Again, the compatibility of the system was tested with AM operations.
First, the system’s ability to cope with added payload as a function of time. The system
displayed the ability to support 66.74 g of added mass with no loss in stability. Next,
the stability within the lateral axis was also tested. A high initial displacement of 30
mm was provided to the disc. The system displayed the ability to bring the disc back to
the equilibrium point with only the non-contact magnetic forces offered by the levitation
system. The impact of powder deposition was also tested with the solid core levitation
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system. The system retained stability and the steady state position was reduced by 0.14
mm with the incorporation of powder deposition forces.
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Chapter 6

Design and Development of a
Feedback Controller

6.1 Need for a Feedback Controller

Fig. 6.1a highlights the eddy currents produced with only the disc and Fig. 6.1b the disc
with the added payload with the identical input (100 V RMS at 50 Hz). The added payload
is an aluminum disc of 45 mm radius and 4 mm height with a total mass of 67 g. The
initial disc is 60 mm in radius and 6 mm in height with a total mass of 121 g. The added
payload is conductive, therefore there is an increase in volume within which eddy currents
are produced. At 50 Hz, the skin depth, i.e., the characteristic length within which eddy
currents are produced, is 11.6 mm. The sum of the height of the added payload and the
initial disc is less than the skin depth. Therefore, significantly more eddy currents are
produced with the added payload.

This would explain why the addition of 45% of the initial mass, results in a reduction
of 13% reduction in levitation height (from 9.1 mm to 7.85 mm), as highlighted in Fig.
6.1d. Fig. 6.1c highlights the increase in levitation force with the addition of a conduc-
tive payload. This data was obtained using the transient mode of ANSYS Maxwell, the
performance of which has been verified previously. It is a critical requirement of the mag-
netic levitation system for AM operations to maintain a constant position of the disc with
no variation in position with powder deposition. The impact of powder deposition (as
highlighted in Section 5.8.2) results in a slight deterioration of the levitation system per-
formance by reducing the levitation height of the system. Thus, it was critical to develop
a simple feedback controller to maintain the levitation height.
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6.2 Controllability of the Magnetic Levitation System

The controllability of the system is defined as the ability to transfer the system from
the initial state x(0) = x¢ to any desired final state x(k;) = z; in a finite time. The first
critical consideration for this is to study how effective the change of input (for this analysis,
input current) is to the output (for this analysis, levitation force and position), keeping all
other parameters constant. The initial study was conducted using ANSYS Maxwell. To
determine the degree of controllability of the system, the input current was varied, and
the levitation force was studied. The data was obtained from ANSYS Maxwell. For the
analysis, the frequency and position of the disc were kept the same. The objective of the
analysis is to develop a relationship between levitation force and input current to facilitate
stable suspension 4 mm above the levitator at 150 Hz. As can be seen in Fig. 6.2, with
a 0.5 A increase, there is an average 23% increase in levitation force when compared to
the previous current step. This highlights a high degree of controllability of the system,
according to ANSYS Maxwell.

6.3 Control System Performance Parameters

The three critical parameters used to study the performance of a control system and their
associated measurement strategies are as follows:

e Rise Time: This parameter describes the time taken for the output (here, the position
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of the disc) to rise from one level to another level. The rise time is calculated for the
output to rise from 10% to 90% for this system.

e Settling Time: The settling time is the amount of time needed after an input stimu-
lation for an output to get to and stay in a specific error band. The settling time is
calculated with the error threshold of 10%.

e Overshoot Error: Overshoot error is the deviation of the output signal above the
desired setpoint. The overshoot error is calculated using the difference between the
maximum output and the desired setpoint.

6.4 Experimental Apparatus

The system schematic of the experimental analysis of the control system is highlighted in
Fig. 6.3. The hardware components used in the study of the positional feedback control
system are as follows:

e Sensor: LK-081 laser sensor used. The sampling frequency is about 1000 Hz. The
sensor has been used in an air environment. The use of the sensor in another envi-
ronment would require recalibration to account for diffraction in different mediums.

e Controller: A simple Arduino Uno with digital Pulse Width Modulation (PWM) was
used to supply output to the power supply.
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e Power Supply: The BK Precision 9832B power supply was used. The power supply
can supply up to 300 V at frequencies between 50-1000 Hz.

e Interface: The digital I/O interface utilizing the DB25 connector was used to commu-
nicate between the Arduino Uno and the BK9832B. The Arduino supplied an analog
output which was read by the power supply and resulted in the adjustment of the
AC characteristics of the system.

6.5 Open Loop Performance of Levitation System

6.5.1 Sensor Output

Fig. 6.4a highlights the sensor output tracking the position of the disc vs time. A contin-
uous sinusoidal wave of 150 V at 120 Hz is supplied to the coils.

It should be noted that even when the system is off, there are oscillations observed, as
highlighted in Fig. 6.4a. When the system is off, the expected positional output should
be constant, since no levitation occurs. This indicates a potential error in the read sensor
data. The key culprit is suspected to be the analog-to-digital converter inbuilt within the
Arduino Uno, with an absolute accuracy of 2 LSB [100].
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Figure 6.5: Open Loop Performance of Levitation System

In order to overcome the error, a simple averaging filter was implemented. The aver-
aging filter accepts several positional feedback data from the sensor and averages them to
minimize the error. For this analysis, 50 sensor readings were averaged to obtain more
reliable positional feedback data. The overall time for each cycle increased from 13 ms
to 19 ms, however, the improvement in performance was worth the increase in time. The
oscillations when the system is off are still not 0 probably due to some residual error from
Arduino ADC error, as highlighted in Fig. 6.4b.

6.5.2 Types of Input to Levitation System

Fig. 6.5 highlights the comparison of the output position of the disc as a function of
time with different modes of input. Fig. 6.5a highlights a continuous sinusoidal harmonic
input. A significant overshoot of 1.992 mm and a settling time of 5.7 seconds are observed.
However, the rise time is significantly lower, taking only 112 ms to achieve a levitation
height within 10% of steady state levitation height.

Fig. 6.5b highlights the position of the disc as a function of time with the Arduino
PWM input to the levitation coil. The rise time measured for this input is higher, taking
2.25 seconds to achieve 10% of the steady state levitation height. However, a significant
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improvement in settling time (2.51 s) and overshoot error (0 mm) is observed with the
PWM input.

6.6 Closed Loop Performance of Levitation System -
PID Controller

The feedback controller mechanism chosen is the proportional-integral-derivative (PID)
controller. A PID controller is a feedback-based control loop that is frequently employed in
industrial control systems and a wide range of other applications that call for continuously
modulated control. When the desired setpoint (SP) and a measured process variable (PV)
diverge, a PID controller constantly calculates an error value and makes a correction based
on proportional, integral, and derivative terms (denoted P, I, and D respectively). This
type of feedback controller is incorporated within the levitation system to improve the
system’s characteristics.

The PID control approach is chosen for this application owing to its simplicity in
implementation, the widescale adoption of the control strategy in magnetic levitation ap-
plications [107, , | and the satisfactory performance produced by the controller,
as highlighted in subsequent sections. The proposed controller is first analyzed in MAT-
LAB/Simulink. The simulation of the feedback controller has been presented in Appendix
A. The optimal gains for the controllers were obtained using the in-built Simulink PID
tuner. Subsequently, the controller is implemented within the hardware infrastructure.
Through experimental trial and error, the performance of the tuned parameters obtained
from the Simulink tuner was verified. The block diagram for the developed PID controller is
presented in Fig. 6.6. The controller implementation has been restricted to the laboratory
setting.
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Table 6.1: Comparison of Open Loop PWM Input and PWM Input PID Control

Parameter Open Loop PWM Input | PID Controller with PWM Input
Rise Time (s) 2.25 0.855

Settling Time (s) 2.51 9.234

Overshoot (mm) 0 0.3159

The averaging filter developed in Section 6.5.1 was incorporated into the controller.
The tuned K, = 0, K; = 0.25, and Ky = 0 values obtained from the simulation analysis
(Appendix A.1.2) were used in the experimental analysis. The input supplied is with PWM
using the Arduino. The digital I/O interface of the power supply has been utilized to adjust
the input. The resulting plot of the position of the disc vs time with the PID controller is
highlighted in Fig. 6.7.

The comparison of the levitation system performance with PWM input and PID con-
troller has been presented in Table 6.1. The PID controller has a significant improvement
in rise time. However, there is an increase in overshoot error and settling time observed.

These errors can be attributed to the low K gain utilized for the controller. Due to
the low K; gain, the adjustment to input current is slower. This results in slower growth
and slower adjustment to the controller. The critical consequence is an increase in settling
time and an increase in overshoot error.

From Section 6.5.2 and Section 6.6, developing a control system with the overlapping
features of the open loop system performance and closed loop PID controller will result in
significant improvement in levitation system performance.
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Figure 6.8: Performance of PID Controller - Simulation

6.7 Incorporation of Compensation Component

Fig. 6.8 highlights the impact of input current being initialized at 0. The adjustment of
the input current is studied using the simulation, as presented in Appendix A.1. As can be
seen, it takes a significant duration of time for the input current to reach the threshold of
minimum current required for any levitation to be observed. Due to the small K; value and
K, and K, being 0, the controller takes a large duration of time to grow the input current
to the required threshold. However, the incorporation of larger K;, K, or K, values results
in the system overreacting to errors and increases system overshoot and steady-state error.

Through the incorporation of a compensator component that can initialize the current
to a non-zero value depending on the desired setpoint, the overall performance of the
levitation system can be improved.

6.7.1 Development of Compensator Component

The overall system schematic for the design of the PID controller with the compensator
component is highlighted in Fig. 6.9a. The initial output is computed by modeling the
relationship between the Arduino output and the position of the disc using the laser sensor.
Through the developed relationship, the controller will initialize the input current as a non-
zero value. The PID controller will then be tasked to adjust the input current to account
for any deviations from the desired set point.

The Arduino Uno was connected to the power supply and given specific PWM values,
following which the position of the disc was recorded using the LKO081 sensor. For example,
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Figure 6.9: Development of PID Controller With the Compensator Component

the output supplied using the Arduino PWM was set as 230, and the position read using
the laser sensor was 1.43 mm. This process was repeated for several Arduino outputs.
The resulting plot is shown in Fig. 6.9b. It should be noted that with a goodness of fit
of 0.9758, the relationship developed will be quite reliable. However, the controller can
tolerate some errors in this relationship since the feedback PID controller will adjust the
input to account for any deviations from the set point.

6.7.2 Experimental Implementation of PID Controller with Com-
pensator Component

The experimental result developed in Section 6.7.1 was used to initialize the input current,
as highlighted in Equation 6.2. The remaining hardware components were identical to the
conventional PID controller analysis presented in Section 6.6. The K, = 0, K; = 0.25, and
K4 = 0 were also identical to the previous controller.

Leompensator = F(Position of Disc) (6.1)

Iinput = Icompensator + IPID (62)

Where Icompensator 15 the initialized current using the compensator component, Ip;p
is the current input through the PID controller, and I, is the input current to the
levitation coils.
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Without any external disturbances, the performance of the PID controller with the
compensator component is very similar to the open loop system performance with a PWM
input. This is in line with expectations since the compensator component supplies a PWM
input to initialize the current.

However, through the incorporation of the PID controller with the compensator com-
ponent, the controller can adjust the input to overcome external disturbances. These
disturbances are primarily caused by the addition of mass on the levitated disc, primarily
through powder deposition within the AM environment.

The experiment with the compensator component was conducted for different desired
setpoints. First, the desired setpoint was set as 1.468 mm, with the resulting comparison
between PID controller and PID controller with compensator component highlighted in
Fig. 6.10a. Next, the experiment was repeated with a setpoint of 2 mm, with the resulting
comparison plot presented in Fig. 6.10b.

As can be seen, there is a significant improvement in the settling time and overshoot
error with the incorporation of the compensator component with the PID controller for
both setpoints. There is a decline in the rise time for both setpoints. However, due to the
improvements in the settling time and overshoot error, the compensator component was
selected as the optimum controller.

6.8 Multiple Level Control

Fig. 6.11 highlights the system’s ability to levitate the disc at specific heights. Three
distinct heights were selected here: First, the levitation occurs 1.6 mm above the levitator.
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Figure 6.12: Performance of Levitation System with the Addition of Weight

Next, the levitation occurs at 2.37 mm above the levitation system. Finally, the levitation
occurs at 1.91 mm above the levitation system.

6.9 Addition of Added Payload on Levitated Disc

A critical requirement of AM operations is the ability of the levitated disc to support
added mass as a function of time. While within the AM environment, the added mass is
anticipated to be more gradual, it was necessary to highlight the levitation system and its
associated controller’s ability to retain the desired levitation height despite the addition
of an added payload. To conduct the analysis, a 16 g and 26 g weight was added to the
levitated disc. The resulting plots are shown in Fig. 6.12a - 6.12b. The 15 g weight was
added at 15.56 s, well after steady state levitation had been achieved, as highlighted in
Fig. 6.12a. Tt took the system 5.72 s to settle between +/- 5% of steady state position
(1.654 mm). For the addition of the 26 g aluminum disc, the weight was added at 12.72 s,
well after steady state levitation had been achieved, as highlighted in Fig. 6.12b. It took
the system 7.18 s to settle between + /- 5% of steady state position (1.52 mm). The higher
settling time is in line with expectations since the addition of a heavier payload would
result in higher disturbances.
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6.10 Summary

To further improve the performance of the system to maintain stable steady state levitation
to support AM applications, a one-dimensional controller was developed to adjust the input
current. A conventional PID controller was developed that was able to significantly reduce
the overshoot, however, the settling time and overshoot error of the PID controller was
high. Through the incorporation of a compensator component to estimate the desired
input to work in conjunction with the PID controller, the performance of the controller
was improved. For the setpoint of 2 mm, a 58% reduction in settling time, and a 22%
reduction in overshoot were observed. However, a decline of 83% is observed for the rise
time. Due to the improvement in the performance of settling time and overshoot error, the
PID controller with compensator component was pursued. The system’s ability to support
levitation height controllability and the ability to support added mass without losing any
levitation height has also been highlighted. The PID controller and the compensator
component with the PID controller have been implemented in the lab environment in this
chapter.
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Chapter 7

Levitation Ability of Materials

In [110], the physical characteristics of metals were studied to determine their viability
for levitation. Two simple coil setups were used to do this. Through the use of eddy
currents, the necessary levitation force was obtained to stably levitate the object. A ratio
of Levitation Force to Weight of the object levitated was used for this analysis. The
experiment was conducted with different metals to extract the levitation force for the two
setups.

It was observed that the levitation ability of materials decreased with an increase in the
atomic number of the element. This results in materials with small atomic numbers (like
aluminum) being ideal for levitation. [110] also states that there is a detrimental impact
of increasing the density of materials on their levitation ability.

7.1 Analytical Model

The working principle described in Section 3 is modeled analytically as shown in Eq. 7.1
(Faraday’s Law), 7.2 (Ohm’s Law) and 7.3 (Lorentz’ Law):

d¢
Einduced = — 7.1
seea = 5 (7.1
A
J = Einduced 0 Aconductor (72)

l
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Fioy = / J % BV (7.3)

where J is the induced eddy currents, ¢ is the magnetic flux, B is the magnetic field,
Fi., is the levitation force, Fj,quceq 1S the induced emf, 1 is the length of the conductor,
Aconductor 18 the area of the conductor, ¢ is the conductivity of the material and dV is
the differential volume of the conductor. The gravitational force of the levitated object is
modeled as in Eq. 7.4.

Fyravity =mg = pVyg (7.4)

Where m is the mass of the object, p is the density of the material of the conductor, V is
the volume of the levitated object and g is the gravitational constant. According to [110],
the levitation ability of a material is defined as the ratio of the maximum levitation force
experienced by the levitated object to the gravitational force experienced by the levitated
object. This is described analytically in Eq. 7.4.

According to [110], the levitation ability of a material is defined as the ratio of the
maximum levitation force experienced by the levitated object to the gravitational force
experienced by the levitated object. This is described analytically in Eq. 7.5.
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Table 7.1: Material Properties

Materials | Density (%) Conductivity £ | Materials | Density (%) Conductivity £

Aluminum 38000000 2689 Copper 58000000 8933

AA 6061 25063000 2700 Zinc 16700000 7140
AlSi7TMg 22700000 2680 Tungsten 18200000 19300

AlSi10Mg 20400000 2590 Ti Grade 1 2222200 4510

AA 2618 21277000 2770 Titanium 1820000 4500
AlSi12 20000000 2650 Ti6Al4V 561800 4430

AA 4047 19140000 2660 IN 718 800000 8190

AA 7075 19417000 2810 IN 625 775190 8440

Feo  [Jx BaV
Fgravity PVQ

Lev Ability = (7.5)

As it can be seen from Eq. 7.1 - 7.3, the only material property that affects the levitation
force of the conductor is the conductivity of the material. As evident from Eq. 7.4, the
only material property of the material that affects the gravitational force on the object is
the density of the material. Thus, the levitation ability of materials can be represented as
the ratio of conductivity to the density of the material, as shown in Eq. 7.6.

Fre J x BdV
o _JIx ol (7.6)

Lev Ability =
gravity /)Vg P

The pertinent material properties have been highlighted in Table 7.1. The material
properties have been obtained from [111, 112]. Several different materials were considered
for the analysis with applications within AM techniques, as highlighted in Table 7.2. A
strong emphasis is placed on materials used for additive manufacturing applications since
the technique is critical to determining the compatibility of different materials employed for
AM operations with the levitation system and its associated application. The levitation

ability of different materials using the levitation ability parameter developed has been
highlighted in Fig. 7.1.
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Table 7.3: Specifications for Simulation Analyses

Specifications Prototype 0 Prototype 1 Prototype 2 Prototype 3
Diameter of Disc 50 mm 50 mm 120 mm 120 mm
Height of disc 5 mm 5 mm 5 mm 5 mm
Height of Suspension | 2 mm above lev | 2 mm above lev | 2 mm above lev | 2 mm above lev
Input: Coil 1 4.6582 A
Input: Coil 2 5 A 2.7844 A 300V 200V
Frequency of Input 50 Hz 50 Hz 85 Hz 150 Hz

7.2 Simulation Analysis

ANSYS Maxwell has been used for the simulation analyses. The levitation force is extracted
from ANSYS Maxwell. Through the use of ANSYS Maxwell, the performance of the
levitation ability parameter has been verified for Prototype 0, Prototype 1, Prototype 2,
and Prototype 3. The specifications and pertinent parameters for the simulation analysis
of each prototype are highlighted in Table 7.3. The levitation force in the axial (z-axis) is
extracted from ANSYS Maxwell and the weight is calculated analytically. The resulting
ratio of Levitation Force to the weight of the disc is compared to the analytically developed
levitation ability parameter.

Fig. 7.2 highlights the overall performance of the levitation ability parameter through
simulation analysis. The general trend of the levitation ability parameters through all
prototype simulations has been highlighted in Fig. 7.2a. As it can be seen, the performance
of different materials relative to aluminum has been highlighted. The general trend of
output levitation ability follows the same trajectory as the simulation-based data, thereby
verifying the overall performance of the parameter.

The direct numerical comparison in the form of a bar graph has been highlighted in
Fig. 7.2b. The maximum deviation from the analytical model recorded for materials is
8%. This error can be attributed to meshing errors of simulations.

7.3 Summary

The novel methodology of using the ratio of conductivity of the levitated geometry’s ma-
terial (o) to the density of the material (p) to determine the compatibility of different
materials within the AM sphere with magnetic levitation applications were also discussed.
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The newly developed method relies solely on material properties for the determination of
the levitation ability of materials, as opposed to experimental analyses.

The technique offers a simple analytical model to determine the compatibility of differ-
ent materials with magnetic levitation techniques. The parameter was verified across the
four levitation system prototypes developed throughout this research. The resulting data
verifies the performance of the parameter across a wide variety of paramagnetic materials.
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Chapter 8

Magnetic Levitation Experiments
within Laser Directed Energy
Deposition via Powder Feeding
Applications

8.1 System Description

The levitation system developed in Chapter 5 was subsequently used for the experimental
implementation within the LDED-PF setup. The DMDIC106 machine was utilized for the
study. The system has a working envelope of 35 x 35 x 35 ¢m? and relies on the use of a
robotic arm to facilitate the build. The coaxial nozzle comprises a high-power laser in the
center with two powder feeders. The experimental apparatus for the levitation experiment
has been highlighted in Fig. 8.1.

There were several critical considerations that needed to be addressed to facilitate the
safe operation of this experimental setup (highlighted in Fig. 8.1a). First, the levitation
system’s electrical safety was addressed by enclosing all wiring inside the enclosure. The
enclosure and the levitation system were subsequently covered and sealed to prevent pow-
der instrusion. Next, the overall volume of the levitation system was only 38.4% of the
available working space within the DMDIC106 machine, as shown in Fig. 8.1b. Therefore,
a sufficient clearance was provided to facilitate all AM operations safely. Finally, the levi-
tated geometry, i.e., the disc was sand blasted to minimize laser back reflection that might
damage the laser.
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Table 8.1: Process Parameters for AM Operation

Parameter Value
Powder feed rate 12 g/min
Laser power 1500 W
Laser scanning speed 5 mm/s
Powder material Copper
Disc material A7075, A6061
Velocity of powder 2.546 m/s

Table 8.1 highlights the selected process parameter to conduct the powder deposition
operations. [127] presents the process parameters for the deposition of copper on a stainless
steel disc. It uses a laser power of 600-1800 W, a scan speed of 5-11.6 mm/s, and a powder
feed rate of 4-8 g/min. A powder feed rate of 12 g/min was used in this study to verify
the stability of the levitated disc with high powder feed rates. The velocity of powders
was calculated using the radius of the outlet of the material nozzle and the volumetric flow
rate through the nozzle [99].

8.1.1 Experimental Verification of Compatibility of the Magnetic
Levitation System

Section 5.8.2 highlighted the simulated performance of the magnetic levitation system while
incorporating the effect of powder deposition through a worst-case scenario analysis. The
study presented in this section aims to verify the validity of the simulation-based analysis.
It is also critical to determine whether the levitation system could withstand the impact
of powder deposition on the ends of the disc as well as in the center.

The disc was suspended above the levitation system. The powder deposition process
was facilitated without the laser. For the analysis, a 60 mm radius and 7.5 mm height disc
of A7075 were used. The levitation system was operated with an input of 190 V at 150 Hz
(resulting in a 7 A input current).

The material nozzle was initially placed on one end of the levitated disc. Following this,
the material nozzle was moved to the center of the disc. Finally, the material nozzle was
moved to the other end of the disc. The levitated disc maintained its stability throughout
the study. This verifies the conclusion drawn in Section 5.8.2: The levitated disc will
maintain its stability with the impact of powder particles.
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(a) Height 1 =4.9 mm (b) Height 2=6.5mm (c) Height 3 =72 mm (d) Height 4 = 8.1 mm

Figure 8.2: Powder Deposition with Disc Levitated at Different Heights

The experiment was repeated with the laminated core system as well. For the analysis,
the levitation system was given an input of 300 V at 90 Hz (resulting in about 5 A input).
The levitation disc maintains its stability despite the impact of powder particles.

8.2 Powder Deposition with Laser

Having established the stability of the levitation input at the maximum allowable input,
the next critical consideration was the stability of the levitation system at lower inputs.
It should be noted that both the levitation force in the axial and lateral axes and the
restoration forces in the lateral axes are contingent on the input supplied to the levitation
system. Thus, providing a lower input to the levitation coils would also result in lower
forces in the axial axis. 4 different levitation heights were considered for this analysis:
4.9 mm (Fig. 8.2a), 6.5 mm (Fig. 8.2b), 7.2 mm (Fig. 8.2c¢) and 8.1 mm (Fig. 8.2d).
The input to the levitation system varied between 150 V and 200 V (resulting in 5.5 - 7.3
A current) at 150 Hz. As highlighted in Fig. 8.2, the system maintained its stability at
the various heights discussed. The resulting data clearly highlights the system’s ability to
produce sufficient forces in the lateral and axial axes at inputs lower than the maximum
allowable input.

The A7075 disc of 120 mm diameter and 7.5 mm height was utilized for the first analysis.
Fig. 8.3 highlights the deposition of copper powder from a layer-by-layer perspective. A
190 V at 150 Hz input (7 A) was supplied to the coils. As highlighted in Fig. 8.3a - 8.3g,
it is evident that there is an increase in the levitation height of the disc for the same input.
7 layers were deposited successfully.

The variation of measured levitation height with the addition of each layer is highlighted
in Fig. 8.4a. The increase in the levitation height can be explained by the additional eddy
currents induced within the deposited copper. Copper is a highly conductive material.
With the deposition of additional layers, there is an increase in the volume within which
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(d) Layer 4 (e) Layer 5 (f) Layer 6 (g) Layer 7

Figure 8.3: Powder Deposition with Laser on AA7075 Aluminum Alloy Disc

eddy currents can be induced. This increased volume for eddy current induction results in
more eddy current generation, since these deposited layers are still within the skin depth
at 150 Hz (skin depth of aluminum § = 6.7 mm, the skin depth of copper 6 = 5.323 mm
according to Equation. 3.10). Thus, there are more eddy currents interacting with the
source magnetic field to produce the lifting force responsible for the stable suspension of
the aluminum disc.

This was tested using ANSYS Maxwell. The layer length, width, and deposited mass
per layer were known. The height of each deposited layer was calculated from these pa-
rameters. These layers were then fed into ANSYS Maxwell and the levitation force was
extracted with the addition of each layer. It should be noted that for this analysis, the
disc was held 5 mm above the levitation system.

The resulting data of levitation force extracted from ANSYS Maxwell has been high-
lighted in Fig. 8.4b. As it can be seen, there is a clear increase in the levitation force
with the addition of each copper layer, confirming the effect of adding a conductor and
the subsequent increase in volume available for eddy current induction. The levitation
force tends to increase with the addition of layers and subsequently stagnate. This would
result in the weight, eventually, becoming higher than the levitation force to result in the
deterioration of the levitation performance, which is in line with expectations.

The effective levitation force, which is the difference between the levitation force and
weight of the levitated geometry, was also documented in Fig. 8.4c. As evident, the
effective force reaches a peak and then decreases, which is in agreement with the observed
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trend of an initial rise and the subsequent fall of the levitated geometry with the addition of
layers. The effective force of the levitated disc becomes negative after reaching a threshold
beyond which the weight of the disc and deposited layer is greater than the levitation force
the geometry is able to produce. This is also in line with expectations.

Further testing was conducted using ANSYS Maxwell, where the disc was held at the
measured levitation height and the layers were added on top of the A7075 disc, as shown in
Fig. 8.4a. Fig. 8.4d highlights the comparison of levitation force extracted from ANSYS
Maxwell and the weight (i.e., the gravitational force the levitation system must overcome
to facilitate stable suspension). As it can be seen, the levitation force extracted from
ANSYS Maxwell is in relatively close agreement, with a maximum error of 13% observed.
This error can be attributed to the meshing errors of the simulation analysis and slight
inaccuracies associated with the measurement of levitation height.

The powder deposition experiment was repeated with the laminated core system as
well. Here, an A6061 aluminum disc of 60 mm diameter and 5 mm height was utilized.
The levitation coils were given an input of 300 V at 90 Hz, which resulted in a 4.35 A of
current. The deposition process on a layer-by-layer basis has been highlighted in Fig. 8.5a
- Fig. 8.5d.

ANSYS Maxwell was utilized to study the levitation force at the measured levitation
heights. The measured levitation heights are highlighted in Fig. 8.5e. As highlighted in
Fig. 8.5f, the levitation force at the measured levitation height is in close agreement with
the anticipated force, i.e., the weight of the levitated geometry.

8.3 Deposition on Both Sides of the Disc

Following the success of powder deposition with laser on one side of the levitated disc, there
was a need to expand the overall build surface available for AM applications. This entailed
conducting deposition activities on one side and facilitating deposition on the other side of
the levitated disc. Thus, an analysis was conducted where the powder deposition activities
were conducted on both sides of the levitated disc. Here, side 1 refers to an arbitrarily
selected side used for the first set of deposition activities and side 2 refers to the other side
of the levitated geometry used for the second set of deposition activities. An A6061 disc
of 60 mm radius and 5 mm height was used for the analysis.

The results of these deposition activities have been highlighted in Fig. 8.6 and Fig. 8.7.
Four layers of copper were deposited on side 1 and 5 layers were deposited on the other
side. For side 1, the input to the coils was 200 V at 150 Hz. For side 2, the input was 300
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Figure 8.5: Powder Deposition with Laser - Laminated Core System

V at 250 Hz, to increase the overall levitation force and facilitate stable suspension despite
the added mass.

The levitation height was measured for both deposition activities, as highlighted in
Fig. 8.6e for side 1 and Fig. 8.7f for side 2. As done previously, the levitation force was
extracted from ANSYS Maxwell at these levitation heights and was in close agreement
with the anticipated force, i.e., the weight of the disc and layers deposited.

Throughout the process, the system maintained its stability and performed in line with
expectations. Thus, the overall build surface to build the part was increased by flipping
the levitated substrate.

8.4 Results and Discussions

8.4.1 Successful Levitation and Layer Deposition
The deposition of copper powder on a levitated aluminum disc has been successfully pre-

sented in this chapter. The quality of the layers deposited in the first experiment (high-
lighted in Section 8.2) has been highlighted in Fig. 8.8a. The deposition activities were
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also conducted on either side of the disc, with 'MAGLEV’ being deposited on one side and
"MSAM’ being deposited on the other. It resulted in an increase in the weight of the disc
by 40 g. Parts built using this magnetic levitation system have been highlighted in Fig.
8.8b - 8.8c. The figure also highlights 3D printing activity results on both sides of the disc.

8.4.2 Effect of Powder Feed Rate

According to [127], conventional copper deposition on stainless steel disc operations requires
the use of a powder feed rate of 4 g/min to 8 g/min. Thus, the use of 12 g/min is
considered a relatively high powder feed rate for AM operations. In addition, the simulation
analyses highlighted in Section 5.8.2 show that the levitation disc retains its stability with
significantly higher powder dispersion force. Thus, the stability of the levitation system
has been clearly highlighted.

8.4.3 Effect of Laser Power

According to [127], the laser power utilized for the deposition of copper on stainless steel
disc was between 600 W to 1800 W. Thus, the levitation system maintains its stability with
a high laser power of 1500 W without losing stability. This highlights the compatibility of
the levitation system with other AM operations utilizing lower laser power.

8.4.4 Effect of Increase in Temperature of Levitated Disc

Following the deposition of over 5 layers, there is a steep increase in temperature observed
within the levitated geometry, from room temperature (24°C' to 105°C'), measured using a
Digi-Sense Infrared Thermometer Model 20250-06 before and after the deposition activities.
According to [128], there is a 16% decrease in the conductivity of aluminum with the
increase in temperature highlighted.

As highlighted in Chapter 7, the levitation force on the levitated disc is directly pro-
portional to the conductivity of the material. Thus, there is a reduction in levitation force
expected.

According to the analysis conducted in ANSYS Maxwell, the decrease in conductivity
results in a 10% reduction in the overall levitation force experienced by the levitated
aluminum alloy disc. However, the system can maintain its stability despite the 10%
reduction in the levitation force.
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8.4.5 Effect of Input Voltage and Frequency on Levitation Sys-
tem

The input voltage and frequency of the input to the coils within the levitation system play a
critical role in the performance of the system. The input voltage and frequency are crucial
to determine the levitation height of the levitated disc and the stabilizing restoration
forces in the lateral axes to maintain stable levitation over time. Thus, it was critical
to determine if the levitation system would maintain stability for input lower than the
maximum allowable input. As highlighted in Section 8.2, the levitated disc can maintain
stability with powder dispersion at different levitation heights.

8.5 Summary

This chapter highlights the first successful implementation of a magnetic levitation system
capable of supporting additive manufacturing applications using nonmagnetic materials.
The primary emphasis is placed on LDED-PF' techniques. Two distinct systems have been
developed for this analysis, as highlighted in Chapter 5.

The levitation system is able to facilitate stable suspension of the levitated disc with
the incorporation of the effect of powder particle impact has been verified through both
simulations (as highlighted in Section 5.8.2) and experimentally (as highlighted in Section
8.1.1).

Next, the levitated disc was also subjected to powder deposition activities with the laser
on. Two different aluminum alloy discs of different dimensions were used for the study.
Both systems developed in Chapter 5 highlighted the ability to support the deposition of
at least 5 layers while maintaining stability.

With the addition of a highly conductive material (copper), an increase in the volume
of eddy current induction was observed. This subsequently resulted in an increase in
levitation force which produced an increase in the measured levitation height of the disc.
The experimental observation was verified through simulation analyses.

The most significant contribution of this research is that the levitated geometry is re-
placing the conventional substrate utilized within the additive manufacturing environment.
Since the levitated geometry is anticipated to be a portion of the final built part, there is
an anticipated reduction in the number of post-manufacturing operations. The technique
also allows for both sides of the levitated geometry to be used for deposition activities.
This results in a 100% increase in the build surface available for deposition activities.
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Finally, the levitation system was subjected to high process parameters for the powder
deposition of copper on an aluminum disc. With a 12 g/min powder feed rate and 1500
W laser power, the levitated disc maintained stability. This observation offers confidence
that the levitated disc will maintain stability for lower powder feed rates and lower laser
powers.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

This thesis aims and succeeds in developing a magnetic levitation system with applications
and compatibility within the AM environment using the principle of eddy current repulsive
levitation. The levitated geometry serves as a build surface to facilitate AM operations.
This is a novel technique of overlapping magnetic levitation technique with LDED-PF
operations with no previous precedence within the literature. The following conclusions

can be drawn from this research:

e The initial viability of a magnetic levitation system was established through simu-
lation analyses. Three specific test cases were considered: a levitated disc, a disc
with one layer of material, and a disc with two layers of material. The minimum
inputs to overcome the effect of gravitational force were also calculated. The system
highlighted successful performance with several different inputs, therefore confirming

the initial viability of a magnetic levitation system for AM applications.

Table 9.1: Comparison of System Prototypes

AM (assuming m =1g/min)

Parameter Value from [96] Prototype | Laminated Core Solid Core
hline SWface are(?isc;f Levitated 1963 mm"2 11309.73 mm"2 | 11309.73 mm"2
Supported added mass 152 g 66.74 g 66.74 g
Mass deposition time for 15.2 min 1.11 hour 1.11 hour

Levitation height 4.5 mm at 85 Hz

8 mm at 90 Hz

8 mm at 150 Hz

97




e Two distinct prototypes were designed and optimized to maximize the levitation
force with a controllable input voltage to facilitate the stable suspension of param-
agnetic materials. The developed prototypes highlighted improved performances the
prototype developed in [90], as highlighted in Table 9.1.

e The two prototypes were subjected to compatibility testing with AM operations
using simulation. This entailed testing the system’s ability to support a time-varying
payload and the stability in the axial and lateral axes while incorporating the effects
of the impact of powder deposition with FEA tools. Both prototypes highlighted
successful performance, despite being subjected to worst-case scenario analysis.

e A simple PID controller was built and tuned using Simulink. The tuned PID con-
troller was then tested within the experimental environment. The system possessed
a low rise time but a high settling time and overshoot error. To facilitate improved
performance, a compensator component was added to work in conjunction with the
feedback controller. For a 2 mm setpoint, the incorporation of the compensator
component results in a 58% reduction in the settling time and a 22% reduction in
overshoot error, therefore improving the overall performance of the feedback con-
trol system. This feedback controller has been implemented in the lab environment
through this research.

e Following the successful development of the improved levitation system prototypes,
the following integral step was the incorporation of the levitation system within
the LDED-PF machine. The levitation system was successful in supporting powder
deposition activities associated with LDED-PF operations. With a high powder feed
rate of 12 g/min and high laser powder of 1500 W, the levitated disc maintained
stable suspension.

e There is an increase in the measured levitation height of the disc during the depo-
sition of copper. This is caused by the deposition of highly conductive copper on
the levitated disc, resulting in an increase in the volume available for eddy current
induction. Thus, there is an increase in levitation force caused by the deposition
activities.

e A crucial improvement offered by the incorporation of the levitation system within
the AM machine is the ability to utilize both sides of the levitated geometry for
deposition activities. By flipping the levitated disc, there is a 100% increase in the
build surface available for deposition activities. Conducting deposition activities on
both sides of the levitated disc can have significant applications in fields like repair
and reconditioning existing components.
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e The levitation system developed serves as a modular add-on for existing AM ma-
chines. This entails no adjustments to the AM machine infrastructure to facilitate
experimentation with the levitation system. This allows the levitation system to be
compatible with all AM machines with the minimum working envelope to fit the
levitation system.

e The research presented in this report also develops a viable alternative to testing the
compatibility of different paramagnetic materials with magnetic levitation applica-
tions. As highlighted in [110], there is a strong dependence on conducting levitation
experiments with different materials to determine its 'levitation ability. Through the
analytical model developed in Chapter 7, the relative performance of a paramagnetic
material with magnetic levitation applications can be determined based solely on the
ratio of the conductivity to the density of the material. This parameter was verified
across all prototypes developed and produced consistent results within the simulation
environment.

9.2 Future Scope of Work

e Incorporation of a feedback controller during the deposition activity:

— The most critical challenge encountered during the implementation of the lev-
itation system in the AM machine was the change in the levitation height of
the levitated geometry. As discussed in Section 6.1, the incorporation of added
payloads will result in a change in the levitated height. During the experiment,
the addition of layers on the levitated disc resulted in variation in the levita-
tion height of the disc. This is in line with the anticipated outcome of the
implementation of the levitation system with no feedback controller.

— The feedback control controller developed in Chapter 6 utilizes a laser sensor
above the levitation system. This feedback controller was only implemented
within the lab environment.

— The compatibility of the laser sensor with LDED-PF applications is not ideal
for two reasons. First, the laser sensor would be subjected to significant noise
due to the nomadic powder particles encountered within the AM machine. This
would render the readings unreliable within the AM machine. Second, the laser
sensor is placed above the levitation system, as highlighted in Fig. 9.1a. Thus,
the laser sensor would serve as a barrier between the AM infrastructure and the
levitated build surface, as highlighted in Fig. 9.1b.
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Figure 9.1: Issues with use of Laser Sensor within AM environment

— Thus, the critical next step would be incorporating a feedback controller with a
sensor compatible with the AM machine.

— Through the incorporation of a reliable feedback controller within the AM ma-
chine, the levitation height of the system could be kept constant with added
powder layers. This would facilitate a more reliable comparison of the powder
deposition activities within a conventional substrate and a magnetically levi-
tated substrate.

e Selection of sensor for use within the AM machine:

— The selection of a sensor with higher feasibility within the AM machine and
the subsequent implementation within the AM machine are the pertinent next
steps.

— The use of cameras coupled can serve as a viable alternative sensor input, as
highlighted by [129, 130].

— According to Section 2.5.1 , the most common sensors incorporated within the
AM machine are high-frame cameras.
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Figure 9.2: Potential incorporation of MagTable

e The performance of the feedback controller can be subjected to further improvement.
Using other feedback control techniques with precedence with magnetic levitation sys-
tems can result in further improvement in performance. This includes techniques such
as Linear—Quadratic Regulator (LQR) [131] and Pole Placement Controller (PPC),
[132] amongst others.

e Elimination of Robotic Arm for LDED-PF Operations:

— [36, 133, 134] highlight the development of a 'MagTable’. A 'MagTable’ in-
cludes an array of electromagnetic coils embedded within a table. Permanent
magnets can subsequently be levitated on the table containing the electromag-
nets. Through the variation of input currents to specific coils within the table,
the magnetic field over the table can be adjusted to facilitate the movement of
the permanent magnet over the coils.

— The idea of a '"MagTable’ can also work in conjunction with the levitation sys-
tem developed through this research. As highlighted in Fig. 9.2, the levitation
system developed can be placed on top of a carrier place consisting of a per-
manent magnet array to facilitate motion of the levitation system and levitated
disc over the 'MagTable’. Through the incorporation of this idea, the need for
a robotic arm can be bypassed.
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Appendix A

Simulation of Controller

Simulink, a block diagram-based simulation software, has been utilized to study the effec-
tiveness of the PID control strategy with the magnetic levitation system.

A.1 Simulation of the PID Controller

The critical first step to simulate the controller is to develop the plant model. The plant
block is the combination of the process of actuators modeled in the system. For the levi-
tation system in consideration, the plant model will highlight the variation of the position
of the disc as a function of the input current supplied to the coils. The constant weight
was taken to be the weight of the disc + 10% (1.5N) to ensure the capability of the system
to develop the control system. The controller is developed at a 120 Hz frequency of input
current.

A.1.1 Development of Plant Block

The levitation forces as a function of input current were obtained from ANSYS Maxwell.
The force vs current was obtained for positions 1 mm, 2 mm... up to 10 mm above the
levitator. Using the equation of curve fitting, the current required to develop the force of
1.5 N was extracted. A sample plot for the development of the lift current is shown in Fig.
A la.

In Fig. A.la, the position of the disc is set as 1 mm above the levitation system. The
variation of force is plotted as a function of current. The quadratic curve fit equation, with
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Position of Disc vs Lift Current
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a goodness of fit of 0.9999, was then equated to 1.5 N to obtain the current required to
produce the force. The current output was found to be 4.9 A for this case. The process
was repeated up to 10 mm and the resulting position of the disc vs input current model
was developed, as shown in Fig. A.1b. The quadratic equation obtained through curve-
fitting was set as the plant model and the goodness of fit of 1 highlights the high degree
of reliability of the model.

A.1.2 Simulation of PID Controller

A simple 1D PID controller was developed using Simulink, as shown in Fig. A.2. Gaussian
noise with a mean of 0 and variance of 5% was added to mimic noise encountered with
sensor feedback, with a maximum error to the positional feedback as +/- 0.5 mm. The
tuned value of the PID controller, as obtained from the in-built Simulink PID tuner, was
found to be K, = 0, K; = 0.25, K; = 0.

The critical results have been highlighted in Fig.A.3. Fig. A.3a highlights the position
of the disc, A.3b highlights the variation of input current, Fig. A.3 highlights the added
Gaussian noise and Fig. A.3d highlights the error, i.e., the difference between the setpoint
and the position of the disc.

As it can be seen, the input current (Fig. A.3b) is shown to grow from 0 A to 6 A
slowly as a function of time. Thus, initially, no levitation is observed. However, as the input
current grows as a function of time and crosses the threshold of about 5.5 A (minimum

current required to observe levitation), the disc rises. This has been highlighted in Fig.
A4
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Figure A.2: Simulink model of the closed-loop controller with position feedback
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Figure A.4: Growth of Input Current and Associated Impact on Levitation Height

Through the incorporation of a compensating component, the input current can be
initialized to a non-zero value at time t=0 to facilitate an improvement in settling time.
This is discussed subsequently.

A.2 Simulation of Feedback PID Controller with Com-
pensator Component

The Simulink block diagram to conduct the simulation-based analysis of the PID controller
with a compensator component is highlighted in Fig. A.5. The inclusion of a compensator
component in the simulation diagram is the critical difference. The compensator compo-
nent accepts the output of the PID controller and initializes the input current based on
the desired setpoint. This is given by Equation A.1-A.2.

P=F() (A1)

Input Current = (P(I))™' + PID(I) (A.2)

Equation A.1 highlights the plant model with P being the position of the disc and I
being the input current to the coils. The compensator component uses the inverse of the
plant model to predict the initial current based on the desired setpoint. The PID output
provides the feedback controller to correct any potential errors encountered.
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The results of the simulations are shown in Fig. A.6. A similar Gaussian noise of mean
0.5 and 5% variance was added to the positional feedback. As it can be seen in Fig. A.6a,
the overall settling time reduces quite significantly due to the initialization of the input
current using the compensator component.
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