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Magnetic Dipole Levitation - Simulation and
Control Optimisation

Samuel Schimanski

Abstract—This project aimed to produce a model of dipole-
dipole interactions for use in the development of two-coil vertical
levitation systems. Furthermore, several controller topologies
were to be evaluated for the determination of the most efficient
method of control in a vertical levitation system. The research
involved the development of dipole-dipole interactions in the
Simulink environment along with the required PID, LQR, and
LQG controllers. Under realistic conditions i.e., additive distur-
bance, the controllers were evaluated in terms of their excess
power consumption. A physical vertical levitation system was
then produced to validate the dipole-dipole model and assess the
energy efficiency of the simulated controller topologies.

Construction of the levitation artifact, OS-1, saw the validation
of the dipole-dipole model. There was good agreement between
the PID controller values which would theoretically stabilize the
system and the values in which the physical system was stabilized.
Furthermore, the evaluation of the PID controller in terms of
its power consumption saw the average consumption differ by
only four watts from the simulated results. With good agreement
between the simulated and physical power consumption of the
PID controller, conclusions were drawn from the simulated
results of the PID, LQR, and LQG controllers. The LQR and
LQG controllers showed improvements of 4.21% and 4.22%
when compared with the PID controller respectively. From this, it
can be seen that the LQG controller would offer optimal energy
efficiency given a sufficiently accurate system model.

This research provides valuable insight into the optimization
of control methods for minimizing power consumption within
a two-coil vertical levitation system. Additionally, this research
provides and validates a generalized model of dipole-dipole
interactions which is applicable to generic coaxially constrained
two-coil systems. The limitations of this research included the
use of a coaxially constrained model and the lack of physical
implementations of the optimal controllers simulated. Future
works should include further physical implementation of the
discussed controller topologies and the implementation of a model
that is not constrained coaxially for comparison.

Index Terms—Dipole levitation, simulation, classical control,
optimal control, two-coil system, PID, LQR, LQG, efficient
control

LIST OF VARIABLES

Vertical magnetic force growth rate, Ns™!
Sensor gain, unit-less

Current source gain, unit-less

Magnetic flux floating coil, Wb

L Magnetic flux levitator coil, Wb

R Radial magnetic field, T

40 Axial field at initial position, T
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B, Axial magnetic field, T

D Derivative gain, unit-less
f Frequency, Hz

F, Force in the z direction, N
G Transfer function, unit-less
g

I

Gravity, ms’!

Current, A
Ir Floating coil current, A
I Initial levitator current, A
Iy, Levitator current, A
J Quadratic cost function, unit-less
Lr Self inductance floating coil, H
L Self inductance levitator coil, H

m Mass, kg

Mg  Mutual inductance between levitator and floating coil,
H

N Cross term matrix, unit-less

NEg Floating coil turns, unit-less

P Proportional gain, unit-less

Q State variable weight, unit-less

R Control input weight, unit-less

r Radius, m

Ry Levitator coil radius, m

S Laplacian s, complex variable

U Potential energy, J

z Vertical height, m

I. INTRODUCTION

Nuclear fusion has long been seen as the holy grail of
clean energy [1]. Fueled by hydrogen isotopes deuterium and
tritium, fusion offers the potential for near-limitless energy
production due to hydrogen isotopes natural abundance [2]
[3].

Many different approaches have been and are being taken
to achieve fusion. Arguably the world-leading approach being
magnetic confinement [4]. The most notable reactors are
Tokamaks and Stellarators although, other forms of magnetic
confinement reactors exist such as the levitated dipole reactor
[5]. First theorized by Akira Hasegawa and later brought
to life by a team at Massachusetts Institute of Technology
(MIT) in the early 2000s under the name, “Levitated Dipole
Experiment” (LDX) [6]. As the name implies, the device
involves a magnetic dipole which is levitated by an external
force in order to be used for plasma confinement. Specifically,
an overhead magnet is used for levitation. This formation
is inherently vertically unstable, requiring a feedback loop
and control system to maintain stability. This paper discusses
the development of a model of dipole-dipole interactions and
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the design and evaluation of several controllers which ensure
vertical stability. As a fusion reactor is a power system at
heart, efficiency is a fundamental aspect to be considered. Any
unnecessary power consumption during the system’s runtime
will harm the reactor’s bottom line in terms of net power
production. This includes excess levitator excitation.

Thus, with efficiency in mind, these controllers will be eval-
uated to determine any inherent advantages or disadvantages
in terms of efficient power use. Furthermore, the accuracy of
the produced models are to be assessed to determine their
reliability in being applied to arbitrary coil geometries.

II. BACKGROUND RESEARCH

During preliminary research, the author was unable the find
any publication with strong similarities to the project at hand.
Although, several research papers were found that cover the
design and build of attractive levitation devices including the
modeling of said systems at a simplified level i.e., filamentary
coils [7] [8]. The following background research will include
electromagnetic stability, classical control, optimal control,
and any existing solutions albeit adjacent ones.

A. Vertical Stability

Earnshaw’s theorem pertains to the stable stationary equi-
librium of a collection of point charges. It states that solely by
using the forces from electrostatic interactions of these point
charges, a stable static equilibrium cannot be achieved [9].
The same applies to electromagnetic stability. Stability in this
sense would require that if the system would be exposed to
small perturbations i.e., a nudge, the system would fall back
into its equilibrium position regardless of the direction of said
perturbation.

Mathematically this means that all the field lines would
point inwards toward the equilibrium position but as Gauss’s
law states “divergence of any possible electric force field is
zero in free space”, The stability of a magnetic source can
not be assured passively 1 [10]. This leads to the need for a
feedback controller.

VF=V.(-VU)=-V?U =0 (1)

B. Methods of Control

A variety of control methods for attractive levitation exist,
the two primary ones are optical-based and magnetism-based.
Optical-based levitation consists of optical sensors to deter-
mine the position of the floating magnet. Some such notable
uses are the RT-1 and LDX systems [7] [11].

Magnetic field-based control would employ the use of
devices such as a Hall effect sensor. The measured field
strength is converted to a voltage via the Hall effect and
is then used in a control loop [12]. Both methods provide
adequate positional measurements although, optical sensors
have a greater immunity to stray magnetic interference from
the coils. With either of these ‘positional’ measurements, the
current through the levitator coil can be adjusted to provide
the appropriate force on the floating coil to sustain levitation.

How heavily the levitator coil’s current is changed depends
on the difference between the set point and the measured
position, along with the gain values of the controller. Many
types of controllers exist, typically falling under two main
branches, classical control and optimal control.

1) Classical Control: Classical control theory deals with
linear time-invariant, single input single output systems (SISO)
with emphasis on frequency domain analysis making use
of such tools as Bode, root locus, and Nyquist plots [13].
The most common controller used in classical control is the
proportional-integral-derivative (PID) controller due to its ease
of implementation and fast tuning, alternatively, there also
exists the ‘bang-bang’ controller which implements a purely
on-off state depending on the error signal [14] [15].

A PID controller consists of three components, proportional,
integral, and derivative [14]. Each component acts individually
on the error signal, in the independent form, before being
summed together to form the new input to the plant, the plant
being a representation of the system dynamics 1 [14]. By
appropriately tuning each component one can obtain an output
response that produces a favourable response from the plant.

Set-Point
P_term
+
Integral
z Error Value . Im=K’{ e(t)dx 1_term Cstlwgrt‘r:ll
- +
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= M D_term
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New_Feedback_Value

Fig. 1. PID controller block diagram

2) Optimal Control: Optimal control unlike classic control,
takes a more mathematical approach. Optimal control deals
with systems in the time domain, using mathematical opti-
mization to control the dynamics of a system over a given
time period in such a way that some objective function is
optimized [16]. One notable optimal control system is the
Linear Quadratic Regulator (LQR). The LQR optimizes a
cost function based on two input parameters, Q and R, either
optimizing for performance or energy saving respectively eq.
2.

J = / (27 Qz + u” Ru + 22" Nw) dt (2)
0

C. Existing Solutions/Literature Reviews

As previously discussed there have been several publica-
tions on and surrounding the control schemes for attractively
levitated systems. The most notable of these publications
is that of RT-1, LDX, and the APEX-D [7] [8] [17]. All
of these systems implement a form of attractive levitation
with optical measurement feedback. Although these projects
operate at vastly different scales to the proposed system, they
all implement the same fundamentals thus, demonstrating the
solveable nature of the system.



ENGR 489 MAGNETIC DIPOLE LEVITATION 2023

1) RT-1: The RT-1 or Ring Trap experiment modeled a
large-scale two-coil system with the use of a force equilibrium
equation as its coil motion characteristics. Modeling equilib-
rium conditions to produce cancellation of the gravitational
forces via the forces of interaction between the floating coil
and levitator coil 3 [7].

@t = 2n Ry NplpB 3
Moy = 2n R NpIgB: — mg (3)

Although, a coil in free space generally has six degrees of
freedom (DOF), positions (X, y, z), tilts (64, fy) and rotation
0, the RT-1 team consider the coils to be coaxially constrained
when developing their coil motion equations [fig. 2] [7].

Lifting Coil

Floating Coil, m, Iro, Lr, N¥

Fig. 2. Co-axially constrained coils

RT-1 was able to produce a large-scale levitation scheme
with the use of the previous force equilibrium equation 3.
This method of system modeling provides a relatively sim-
plistic method of representing coil motion although, it offers
no knowledge of the coil’s other five degrees of freedom.
Therefore, the system becomes more of a guessing game
in terms of designing for the stability of the other degrees
of freedom that are affected by coil geometry. Within RT-
I’s experiments, they required correction coils to correct the
floating coils misalignments of tilt and slide likely caused by
their limited knowledge of the coil’s remaining five degrees
of freedom [18].

2) APEX-D: The APEX-D experiment improves upon RT-
I’s original works by implementing stability criteria for tilt
and slide of the F-coil [17].

The APEX-D project makes use of the same force equi-
librium criteria as RT-1 but slightly improves on their design
methods by implementing a tilt and slide criteria [17]. The
APEX-D team considered perturbations from the equilibrium
position of the coil and the Lorentz force on the coil while
contained within the magnetic field of the levitator coil. The
Lorentz force is an electromagnetic force describing the force
on a moving electric charge by an external magnetic field [19].
For slide and tilt, the following stability criteria were produced
45.
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Using these tilt and slide stability criteria, the APEX-D team
gained an advantage over systems like RT-1 as they could ac-
curately determine the system geometry required for passively
stable tilt and slide modes. However, one disadvantage of this
approach is that they only knew the ranges of stability but
had little knowledge of how the system would behave in this
range. That is, they did not know how stable the system was
in a given region e.g., marginally or very stable, and were
unable to determine what force would be required to end the
system’s stability or what natural oscillations may be seen.

3) LDX: The LDX team can be considered a leader in
terms of their control system for an attraction-based magnetic
levitation system. The reason for this is in their system
modeling. Where the likes of RT-1 and APEX-D considered
their floating coil coaxially constrained, the LDX team allows
their model to make use of all six degrees of freedom (6-
DOF) [8]. Although computationally a much greater task, the
use of such a model allows for greater certainty of stability
for arbitrary coil geometry eq. 12.

(Mp®r — Lp®L) (M p® — Ly OF)
(LiLp — My5?)?

Fmagnetic = vMLF (6)

With this equation, the LDX team was able to model the
motion of their floating coil with an appropriate controller
topology to sustain levitation. The controller in question was
a digitally implemented PID controller [8]. One disadvantage
seen in the LDX team’s control design lies in their choice
of classical control despite having a well-defined single input
multiple output system (SIMO). With the use of optimal
control, the LDX team would have been able to ensure a
controlled system with far greater optimizations than could
be made by ‘hand’ with classical control methods.

Another advantage the LDX team held was their use of
filtering. While the other mentioned teams only used standard
low-pass filtering, LDX implemented a Kalman filter [20]. A
Kalman filter, also known as a Linear Quadratic Estimator
(LQE), is a recursive digital filter that uses a series of
measurements over time, statistical noise, and the state space
representation of a system to provide more accurate state
estimations of the system than can be measured in some cases.
[fig. 3] [21].
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Fig. 3. Kalman filter state diagram

With this, LDX was able to further reduce the effects of
measurement and process noise within their system, thereby
making their system more robust and efficient as less unnec-



ENGR 489 MAGNETIC DIPOLE LEVITATION 2023

essary excitation of the levitator coil would ensue. This is due
to less noise propagating into the control signals.

III. DESIGN AND IMPLEMENTATION

The design of OpenStar-1 (OS-1) was broken down into it’s
two major components, the simulation design and the physical
build design. The simulation design aimed to accurately cap-
ture the most important aspects of the system in a generalized
form. This allowed for the simulation to be easily applicable
to arbitrary two-coil systems. While the physical build aimed
to validate the results seen in the simulations.

A. Simulation Design

The aspects of the system deemed crucial to building an
accurate model are as follows.

¢ The coil dynamics

« The current source response
e The sensor feedback

e The controller

These aspects were considered crucial due to their large
impact on the system dynamics as coil dynamics define the
coil-coil interactions, and the current source and sensor feed-
back hold the largest time delays and gains seen in the system.
Additionally, the controller was required to be modeled as
it provided the necessary alterations to the error signal to
produce stable levitation.

1) Modelling Coil Dynamics: In order to model the coil
dynamics in an easy-to-understand, generalized form, RT-1’s
co-axially constrained coil equation of motion was used 3.

This method was chosen over the arguably more sophisti-
cated 6-DOF approach taken by LDX, due in part to com-
putational ease, as this method only requires readily available
system data such as amp-turns, coil dimensions, etc. Addition-
ally, although the 6-DOF model offered information about the
states of the floating coil in all directions, this level of detail
was not necessary for designing a vertically stable two-coil
system with arbitrary coils as the less labour-intensive tilt and
slide stability curves offered by APEX-D were available [17].

Coil motion was linearized as per [17] by equating the L-
coil current to,

I, =I10(1+ I/1) N

From this, coil motion can be characterized via the follow-
ing transfer function.

1 1
I s*/(ga) — 1

With this generalized transfer function making the base of
the coil-to-coil interactions, all remaining simulation aspects
are derived purely from the surrounding system. That is,
all other system aspects are at liberty to be chosen by the
responsible engineer.

®)

Gcoil motion —

2) PD Controller: As maglev systems typically have pro-
portionally small integral gains [17], a PD (proportional-
derivative) controller was simulated as the first controller
topology. In additive form, this takes the expression,

D
GpD = P(l + FS) (9)

A variation of the PID controller was chosen as the first
controller topology due to its wide use in industry and for
its well-understood characteristics [14]. Additionally, the in-
tuitive tuning controls allow for just about anyone to obtain a
satisfactory system response given some trial and error.

Much like the remaining controller topologies this control
system is to be implemented first in a Simulink environment to
ensure system stability and then again digitally in a real-time
operating environment.

3) LOR Controller: The LQR was a chosen controller
topology for this project due to its ability to produce an optimal
gain matrix from a set of weighting coefficients, Q, R, and the
state space representation of a system. These weights represent
the importance of similarity to the system set point and the
importance of a small control effort respectively [22].

Much like as seen in classical control with the PID con-
troller, without the integral action, the steady-state value of
the system will not be equivalent to the set point provided,
assuming a step input [13]. The steady-state value of a system
is the final output produced by the plant once all system
dynamics have died down. This problem can be solved in two
ways in optimal control, a pre-filter or integral control. Integral
control, much like in a PID controller, looks at the error
between the set point and the system’s output state variable
and integrates this error over time to bring the control signal
to a point where the set point is reached. The pre-filter on
the other hand is essentially a gain block determined by the
known state space model. This gain pushes the initial control
signal to where it should be in order to produce the desired
outcome [22].

The pre-filter has the benefit that it acts instantaneously on
the system although, the pre-filter may also produce a steady-
state error with differences between the modeled state space
system and the actual system characteristics. Integral control
offers zero steady-state error but requires time to ramp up,
time in systems such as controlled levitation that is not likely
available. Therefore, a combination of the two has been used
in the project for both optimal controllers, LQR and LQG 4.
This was done to take full advantage of both zero steady-
state error and the initial boost in the control signal to push
the system within the ballpark of its required value. This
prevents the system from having time to fall away from its
linearized equilibrium before an appropriate control signal has
been achieved. Just the use of integral controller may not apply
feedback fast enough to prevent the system from falling out
of vertical stability.



ENGR 489 MAGNETIC DIPOLE LEVITATION 2023

1
G ) >
INPUT )
Pre-filter B C

A
K

ouTRUT

Fig. 4. LQR state space model

4) LQG Controller: A Linear Quadratic Gaussian (LQG)
was another chosen controller topology as it combines an
LQR and an LQE 5. Therefore the LQG inherits all properties
seen in the LQR, such as optimal gain matrices. In addition
to this, the LQG gains a form of noise immunity from the
Kalman filter. That is, the controller is able to estimate the
true state of the system from information about the system’s
inner workings and previous measurements of the system’s
states. With this, process and measurement noise within the
system is essentially removed to produce the true states of the
system. Although there is very little process and measurement
noise expected within the system, an additional ‘filter’ with
this form of noise immunity would be useful as the system
is likely to be riddled with some electromagnetic interference
(EMI) due to the relatively large magnetic fields within the
system.
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Fig. 5. LQG state space model

5) Alternative Controller Topologies: There are many types
of controllers in both classical and optimal control. Several of
these were considered for use in this project such as the on-
off (bang bang) controller from classical control and model
predictive control (MPC) from optimal control.

The on-off controller has two output states, on or off. This
method of control is easy to understand and implement. This
controller in particular is suited for a system with very few
control inputs. In part due to this controller’s simplicity, this
controller offers very little precision [15]. As this project
involves the control of a relatively complex open-loop unstable
system this controller was unlikely to provide favorable results
in terms of stability and efficiency.

MPC makes use of a system model much like the LQR
and LQG but unlike these two, MPC makes predictions about
the potential future states of the system and produces the
optimal gain for each scenario. This makes the MPC a very
powerful controller although, the MPC is very sensitive to
initial conditions and model accuracy. For these reasons, this

controller was discarded for use in this project as perfect model
accuracy and understanding of the system’s initial conditions
are difficult to obtain.

6) Current Source Response: As seen in [17], the response
of a current source can be appropriately characterized by its
gain i.e., the current output per input voltage and its time
response, the time delay between receiving the input signal
and the output signal being produced.

When designing this system aspect, the general approach
was taken. However, the current source ‘gain’ was set to unity
gain due to the digital implementation of the control signal.
The current source time response could also be viewed as
negligible due to the low-frequency plant dynamics although
it is favorable to include a small time constant for accuracy
and computational ease.

v
1+ S/fcurrent source delay

chrrent source — (10)

7) Sensor Feedback: Much like with the current source, the
feedback sensor can be simplified down to a signal gain and a
time constant. Again, with digital signal processing, the sensor
gain can be seen as a unity gain signal with a time constant.
The time constant for feedback is equal to the cycle time of
the programmable logic controller (PLC) task. This is due to
the control signal only being updated once the task has been
completed. In the case of this system, the PLC cycle time is
2ms. The PLC cycle time was chosen to ensure the feedback
control would be at least 100 times greater than the system’s
natural frequency of oscillation.

B8
1+ S/fsensor delay

8) Eddy Currents: An additional system aspect that has
been modeled is the vacuum chamber eddy currents. Eddy
currents create a magnetic field that opposes the change in the
magnetic field by which it was created, therefore, effectively
slowing the response time of the system [23]

(1)

Gsensor =

1
1+ /100

For the purpose of this project, this system aspect has been
removed due to there being no vacuum chamber used in this
project and the eddy currents produced in the surrounding alu-
minum enclosure would have negligible effect on the system.

Geddy currents — (12)

9) Model Limitations: As touched on previously, this sys-
tem design suffers the same limitations seen by RT-1 and
APEX-D. This is, a numerical understanding of dipole location
in its slide and tilt cannot be inferred. However, again with the
appropriate use of slide and tilt stability plots this has been
deemed a non-threat to the system’s stability and reliability.

Much like many other control problems, this system has
been linearized around its set point. This was required as
control of a non-linearized non-linear system poses many
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design difficulties. This linearization enabled a relatively easy
design of the control system but this also imposed a limitation
on the system. This is, as the system moves further away from
its linear region the system dynamics can differ vastly and
therefore render the control system useless.

B. Physical Build Design

The system’s physical design can be broken down into
six main segments. The design of the “coils”, enclosure, and
evaluation components along with the selection of the sensors,
additional control components, and real-time operating system.

1) Coil design: As discussed prior, the system revolves
around two coils, the levitator and the floating “coil”. The
floating coil in this case is a permanent magnet for simplicity.
When selecting the permanent magnet two main criteria were
required. The magnet must have a high field strength-to-weight
ratio and the magnet must be short, wide, and cylindrical
to better approximate a circular current loop. With these
requirements in mind, an N45 neodymium magnet of diameter
30mm, height 10mm, and weight 53g was chosen.

2) Levitation Coil: The levitator coil design is split into
two main design areas, the coil design and the bobbin design.

The design of the levitator coil had to take into account
several factors including the distance from the floating coil,
its field strength, and dimensions. In order to ensure slide and
tilt stability, plots of stable regions had to be developed with
the floating coil’s dimensions in mind 7 6.

Slide and tilt stability plots were produced for the dimen-
sions and approximated amp-turns of the floating coil 4 5
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From 6 7, the acceptable levitator coil dimensions could be
seen.

In order to optimize the coil design the levitator’s radius was
chosen such that the field strength at the edge of the floating
magnet would be maximized while still maintaining slide and
tilt stability.

1073

Field Strength T

|
0 0.1 0.2

Radius m

0.3 0.4

Fig. 8. Field strength at floating coil radius with changing levitator radius

With an optimized geometry, the number of turns in the
levitator was chosen such that nominally 7A would be required
to keep the floating coil at equilibrium. In this case, 350 turns
were required. These parameters allow for substantial vertical
oscillations before the supplied current source would no longer
be able to bring the coil back to its equilibrium position, as
the supplied current source is limited to 10A.

3) Levitation Bobbin: Due to the relatively high power
dissipation expected within the levitator coil, extra precautions
had to be taken to reduce the likelihood of premature thermal
failure. A thermal Finite Element Analysis (FEA) study was
performed to determine how much heat could be dissipated at
nominal load (110 W) with differing bobbin materials and
geometries. Results showed that an aluminum bobbin with
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heat-sinking fins lining the bobbin’s top face would suffice
in keeping the steady-state temperature below 50 °C. While
the addition of a fan would see the steady-state temperature
decrease to 36 °C at its peak 9.
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Fig. 9. 110 W thermal load test results, simulated

Alternate designs were also trialed 10, although as there
were very little size constraints on the bobbin a larger surface
area bobbin was selected to further improve thermal charac-
teristics.
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Fig. 10. 110 W thermal load test results, alternative bobbin design, simulated

Aluminium was chosen for the bobbin material not only for
its thermal characteristics but also for its relative abundance
and more importantly its non-ferrous properties [24]. Being
non-ferrous allowed for the inner section of the bobbin to be
completely filled while still maintaining an “air core”. Filling
the inner section of the bobbin gave the levitator coil greater
thermal mass and therefore made it more resistant to tem-
perature changes. Additionally, more space was available for
heat-sinking fins further improving the thermal characteristics
of the levitator coil/bobbin.

4) Enclosure Design: The enclosure surrounding the levi-
tator was designed with modularity in mind. That being, the
enclosure was designed in such a way that further additions to
the system such as mounts, sensors, etc could be added with
ease. Furthermore, the enclosure was also designed such that
maintenance would not pose much difficulty.

This resulted in an enclosure constructed from 40x40mm
extruded aluminum with dual rail t-slots. This specific material
offers competitive strength-to-weight ratios when compared

with steel [25], while the specific shape allows for the mount-
ing of a variety of hardware.

Fig. 11. System enclosure, prior to hardware mounting

Alternatives considered included a 3-D printed enclosure as
all parts produced could be purpose-built to ensure minimal
material waste. Due to the significantly lower strength of
Polylactic Acid (PLA), this alternative was discarded [26].

5) Real Time Operating System: A real-time operating
system was a hard constraint within this project due to the
fast dynamics of the plant. These fast dynamics require real-
time levels of response in order to ensure the system remains
vertically stable.

Beckhoff’s TwinCAT 3 was chosen as the operating system
for this project. TwinCAT is a widely used control and
automation platform and was chosen as this project’s real-
time operating system for several reasons. Reasons include its
Simulink-TwinCAT interface, its plug-and-play control mod-
ules, and the large variety of control toolboxes [27].

6) Sensor Selection: Sensor selection was a heavily con-
strained area of the project. The chosen sensors had the adhere
to the following criteria.

e Must be amplitude modulated

e Must cover distances of 5.2m

o Must have a time response of less than 10ms

o Must have resolution of less than 1mm

With these conditions in mind, the LV-NH300 sensors were
chosen [28]. In addition to meeting all the above conditions,
the sensors offered several other features. Including, multi-
sensor integration via a coupled amplifier design and PLC
integration via the EtherCAT communication bus [28].

The LV-NH300 sensors come in transmitter-receiver pairs
and therefore 16 total sensors are fitted around the enclosure
to capture the floating coil’s five degrees of freedom. Finally,
purpose-built brackets provided with the sensors allow for fine
positional tuning of the sensors in all directions ensuring ease
of use [28].

Several other sensor options were considered, such as the
SICK retroreflective sensor and the Di-Soric LAT45-10MIU-
BS5. [29] [30]. Both of these sensors offered the range and
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time response required but lacked in resolution, offering at
best Imm resolution. Additionally, it was unclear whether or
not these sensors were amplitude-modulated.

7) Control and Data Acquisition Components: Additional
control components were required as an interface between the
real-time operating system and the plant. For integration with
the pre-selected real-time operating system, Beckhoff modules
were selected.

Specifically, an analog measurement unit (EL3104) and an
analog output unit (E14034) were selected for this project to
collect power data and control the supplied current source
respectively [31] [32]. Again, these modules were chosen for
their ease of integration with the chosen real-time operating
system. Additionally, the modules offered high resolution
and response times faster than the required PLC cycle time
of 2ms thus, ensuring adequate control and data acquisition
speeds. Finally, a bridging PCB was produced to convert the

voltage and current readings across the levitator magnet into
voltage signals measurable by the Beckhoff modules. The
measurement range of the Beckhoff modules was =10V and
the maximum expected voltage and current seen across the
levitator were 30 V and 10 A respectively. With this in mind,
a range of components including hall effect sensors, op-amps,
and precision resistors were chosen to transform these current
and voltage signals into appropriately scaled voltage signals
12.

Fig. 12. Kicad schematics, bridging power measurement board

The PCB was designed with short, wide traces connecting
to the hall effect sensor pins in order to prevent traces
from breaking due to thermal stresses. Additionally, on-board
battery supplies were included to prevent the switching power
supply from propagating noise into the IC (integrated circuit)
power rails. Finally, precision resistors and op-amp (opera-
tional amplifier) ICs were used to ensure precise measurements
could be obtained. Although this PCB is not essential in the
operation of the control system it does find use as a critical
evaluation tool.

8) Physical System Limitations: Physical system limita-
tions fall into two main categories, magnetic limitations and
component limitations. Magnetic limitations are the limitations
in producing an “ideal” magnetic field. That is, due to being

hand-wound along with other un-characterized behaviors the
magnetic field produced by the levitator coil is not ideal.
These field irregularities can cause minor disturbances when
the levitator interacts with the floating coil.

Component limitations include time delays, non-linearities,
and component saturation. Time delays are accounted for
within the produced simulations and non-linearities have been
dealt with by operating all components such as the current
source around their linear regions. Component saturation was
dealt with by ensuring small control signals were produced
while still maintaining a vertically stable system. In terms
of the PD controller, this was done by ensuring both the
proportional and derivative gains were kept simultaneously
small. For the LQR and LQG controllers, this was done by
heavily penalizing control effort i.e., R was made magnitudes
larger than Q. Doing so not only prevents the control system
from driving the current source too hard but also minimizes
the power draw of the system.

9) Firmware Development: The firmware developed for
this project was produced in Beckhoff’s TwinCAT 3. TwinCAT
3 is a control and automation platform developed for working
with real-time systems via programmable logic controllers
(PLC).

The firmware developed for this project manages all sensor
data, computational processes, and implements the digital
control loop. Much like the design of the system model, the
function blocks were designed to be generally applicable to
arbitrary two-coil systems. That is, function blocks contain-
ing the controllers and positional measurements have been
designed such that few variables need be changed in order
to apply the code to another two-coil system.

As discussed previously the PLC cycle time was set to 2ms
in order to allow the control system to respond to the dynamics
associated with the plant’s oscillation frequency. 2ms was
chosen due to the recommendation that the system should have
a response time of at least 100x the plant’s natural oscillation
frequency, ~1 Hz [33].

Real-time operating systems allow priorities to be set on
which task is to be executed first during a cycle. Items deemed
of high priority were the positional measurements and the
updating of the control loop, as these were the only functions
required for stable levitation. Low-priority functions included
power measurements and slide/tilt data collection.

The program runs in a cyclical manner, continually repeat-
ing the set steps unless an end run-time command is provided
13.
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Fig. 13. System process state diagram

IV. EVALUATION

Evaluation of this project is primarily concerned with the ac-
curacy of the simulated model in relation to the physical build.
Along with the effective efficiency of the different controller
topologies in terms of power consumption of the levitator
coil during steady-state operation. Additional evaluation of the
system’s thermal characteristics and tilt and slide stability will
also be completed.

A. Model Evaluation

After completion of the physical build, several system
properties were collected in order to evaluate the system’s
likeness to the developed models.

TABLE I
SYSTEM CHARACTERISTICS

Levitator Coil
ID 154 mm
OD 158 mm
Height 28 mm
Resistance 2 ohm
# of Turns 350
In 7A
Floating Coil
OD 30 mm
Mass 3¢
Amp-Turns 8250 A.t
Coil-Coil Interaction
o [ 25

Completion of a Routh-Hurwitz criterion provided a PD
stability region defined by a parabolic arch with a minimum
proportional gain value of 165 and minimum derivative gain
value of 1 14 [34].
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Fig. 14. Stability conditions with varying P and D gains

Due to fast response times, minimal sensor and current
source gains the theoretical stability region for this PD con-
trolled levitation device is quite large 14. However, it is
practical to contain proportional and derivative gain values to
the lower left sector of the graph where both the proportional
and derivative gains are small. This is to prevent saturation of
control components such as the current source, as the larger set
of gains would see the current source attempt to reach values
outside of its capabilities and therefore produce an unstable
system.

Simulated testing of the system’s proportional gain bound-
ary with a constant derivative gain resulted in a stable system
response far above and approaching the boundary when subject
to a step input. While below the boundary the system response
diverged, as predicted by the system’s Routh-Hurwitz criterion
15.
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Fig. 15. System response to a step input along the proportional gain lower
boundry

Simulated testing was also performed along the boundary
of the derivative gain with a constant proportional gain. On
and above the derivative gain boundary, the system converged
to a steady-state value. When the derivative gain was under
the boundary condition the system diverged, much like was
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predicted by the Routh-Hurwitz criterion 16.
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Fig. 16. System response to a step input along the derivative gain lower
boundry

Tests were performed on the physical system along lines of
constant proportional gain and separately constant derivative
gain. Doing so revealed the lower stability boundaries for both
proportional and derivative gain within the physical system.
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Fig. 17. Stable test flights performed within the calculated stability range

Even with a simplistic system model the PD stability range
expected agrees well with the ranges of stability seen during
testing. The lower proportional limit seen during testing was
174, only 9 larger than the expected proportional lower limit
of 165. The derivative gain lower bound found during testing
was 6 while a gain of 1 was expected, therefore, only 5 greater
than the expected derivative lower bound. Although not exact,
this simple model offers a great starting point for controller
development of a two-coil levitation system.

Finally, to ensure the physical system was resilient to
perturbations a series of disturbances were placed on the
floating coil’s vertical position ranging from Imm-2mm to
assess the control loop’s ability to maintain its set-point IV-A.
Disturbances were performed between 20-40 seconds of flight
time.
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Fig. 18. PID disturbance testing the system’s ability to maintain a set height
under a series of disturbances

As can be seen, the system was able to stabilize itself after
substantial disturbance to its vertical position thus, stabiliz-
ability is assured with the PID controller.

Differences between the simulated model and the physical
build come from a variety of places. However, the most
prominent are likely to be simplified calculations used dur-
ing the development of the simulated model and inaccurate
measurements taken during the physical build characterization.
An example of this may be the Amp-turn approximation
calculated for the floating magnet.

B. Slide and Tilt Stability

Slide and tilt stability of the floating coil was designed
for by considering the geometries of both coils. Tilt and
slide stability plots showed regions where stability would be
achieved although, no numerical data on how stable the system
was expected to be could be inferred 6 7.

Evaluation of slide stability in both the X and Y directions
over a five-minute levitation test showed that the X direction
was strictly bound between -208um and 242pum while the
Y direction was bound between -237um and 219um 19.
With both directions exhibiting oscillatory motion with an
oscillation frequency of 1.3 Hz.
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Fig. 19. Slide motion in the X (blue) and Y (red) axes

With only minor deviation from the system’s “zero” position
despite the oscillatory motion of the floating coil perturbing the
system from its equilibrium it is safe to assume slide stability.
With the negligible slide in both X and Y directions seen, it
can be determined that positioning the levitator coil far from
the slide stability boundary likely produces a more slide-stable
system.

Similarly, tilt stability was assessed over a five-minute
levitation test. The testing showed that there was an angular
offset from the zero position along both axes. On average there
was a 1.07° offset from the X-axis and a 0.6° offset from the
Y-axis. The angle off of the X-axis was bound between 1.76°
and 0.39° while the angle off of the Y-axis was bound between
—0.02° and 1.92° 20.
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Fig. 20. Tilt motion off of the X (blue) and Y (red) axes

Examining the angular displacement from the X and Y
axes it can be seen that the floating coil is tilt stable with
a continually oscillating mode, oscillating at a frequency of
1.3 Hz. As the angular displacement is shown to be moving
between set bounds passive tilt stability of the system via the
magnetic interactions of the levitator coil and floating coil can
be confirmed. The angular offset seen in both the X and Y axes
can likely be attributed to field irregularities in the two coils. It

should be noted that a similar offset was seen within the RT-1
experiment [18]. This offset was caused by Earth’s magnetic
field although this is unlikely the case in this scenario due to
the scale of the system.

C. Thermal Evaluation

In order to sustain levitation without premature thermal
failure, an appropriate heat-sinking bobbin had to be designed.
Thermal testing was performed with a constant 110W power
draw and forced convection provided by an overhead fan with
a diameter equal to the levitator’s outer diameter [35]. Simu-
lated results showed the levitator coil reaching its steady-state
temperature after five minutes under a 110W load therefore,
the thermal testing was completed over a 10-minute period to
ensure steady-state had been reached.

Fig. 21. 110 W thermal load test results

The results of thermal testing showed an error of only 10.7%
when compared with the simulated results with the greatest
thermal stress being seen around the outer coil face much like
in the simulation. This is due to the outer coil face being the
only face not in direct contact with a heat-sinking surface. For
a simple thermal analysis that assumed the coil to be a solid
block of copper, the results of the simulation agree within a
tolerable error of the evaluated system.

D. Controller Evaluation

As previously discussed, several controller topologies were
designed for use in this vertical levitation system. The aim was
to minimize power draw to ensure limited excess heating in
the levitator coil. In order to produce simulations that would
accurately represent the system’s dynamics two preliminary
measurements had to be taken, process noise covariance and
measurement noise covariance. Both of these variables have
been previously mentioned as the LQG controller makes use
of them in producing a noise-tolerant control system [20].
Including these variables within the simulated system offers
insight into how each idealized controller would perform under
more realistic conditions.

The covariance of measurement noise was determined by
ensuring a known set-point was reached and held stationary.
From this position sensor data was taken over a two-minute
period. By removing the known signal from each data point,
only measurement noise was left. From this, the covariance
of measurement noise can be calculated as the variance of the
remaining noise. The covariance of measurement noise was
determined to be 9.10299¢ — 12 22.
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Fig. 22. Sensor measurement noise

A similar approach was taken in capturing process noise. It
was assumed that the primary source of process noise would
be the current source and the levitator magnet. Therefore, the
process noise measurements were taken at a constant input
current on the grounding side of the levitator. This ensures
that the largest possible process noise is captured.

The noise is then extracted from the current measurement
and the process noise covariance is calculated. The process
noise covariance was determined to be 5.22846e¢ — 05 23.
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Fig. 23. Current source output noise

1) PID: After the model was confirmed to offer an accurate
representation of the levitation system, an evaluation of a PID
controller was performed. After the stability region calculated
was confirmed, proportional, derivative, and integral gain
values of 240, 30, and 0.05 were selected as the ‘critically
damped’ gain values and were used throughout the PID
controller’s evaluation.

The simulated steady-state controller response proved stable
with the critically damped PID values selected. With the
added Gaussian process and measurement noise the simulated

controller proved stable with an average power draw of 106.6
W. An excess draw of 4.22% of the ideal 102 W steady-state
power draw. Applying the same PID gain values to the physical
build resulted in an average power draw at steady-state of
110.66 W, showing good agreement with the simulated power
consumption with an error of only 3.85% and a total error
of 8.23% when compared with the ideal steady-state power
consumption 24.
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Fig. 24. Steady-state levitator power consumption

With good agreement between the simulated power draw
and the power draw seen in the physical build, it is safe
to make conclusions on controllers’ topologies by comparing
their simulated power draws.

2) LOR: Implementation of an optimal gain matrix within
the simulated system with the additive process and measure-
ment noise resulted in a steady-state power draw of 102.2452
W. An error of 2¢ — 4% compared to the ideal stead-state
case. A percentage error improvement of several orders of
magnitude when compared with the simulated PID controller.

3) LOG: As has been discussed, the Kalman filter built into
the LQG controller offers the system a form of noise immunity
given an accurate description of the system and the expected
process and measurement noise. Given these properties, the
average power consumption at steady-state over an extended
period of time was 102.245001 W. An error of 1e — 8% when
compared with the ideal steady-state power consumption.
As can be seen, the simulated power consumption varies
negligibly from the ideal power consumption due to the effects
of the Kalman filter embedded within the LQG controller.

4) Controller Comparisons: Comparison of the different
tested and simulated controller topologies in terms of their
average power consumption shows clearly that the optimal
controllers offer the best response with negligible excess
power draw II. However, it should be noted that the optimal
controllers were tested under the assumption that they were
developed with perfectly accurate system models. Therefore,
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the observers put in place to allow access to all the system’s
state variables held the same dynamics and measurement
characteristics as the physical system. Observers in this case
are simulated versions of the physical system that run in
parallel with the physical system receiving the same input
values and theoretically producing the same state variables. As
this system model is not a perfect reflection of the physical
system these optimized gains may not be optimal for the
physical system. Therefore, it is expected that the real excess
power draw of the system while under the regulation of these
optimal controllers would be higher than the simulated results.

TABLE I
POWER CONSUMPTION UNDER REGULATION BY VARIOUS CONTROLLERS

Study Case Power Consumption [W]
Ideal 102.25
PID Sim 106.56
PID Real 110.66
LQR Sim 102.25
LQG Sim 102.25

V. CONCLUSIONS AND FUTURE WORKS

The purpose of this project was to develop and evaluate a
model for coil-coil interactions in a vertical levitation device.
Additionally, several controllers were to be tested/simulated in
order to determine which controller topology would provide
the most efficient system stabilization in terms of power
consumption. The aim was to minimize power consumption
in the levitator coil as excess power consumption would
reduce the efficiency of the Levitated Dipole Reactor (LDR)
employing the use of the two-coil levitation scheme.

Comparing the simulated results for system stability it can
be seen that the optimal control methods, LQR and LQG, offer
relatively significant reductions in excess power consumption
when compared to the PID controller. Compared with the
PID controller the LQR controller reduces average power con-
sumption by 4.21% and the LQG controller reduces the power
consumption by 4.22% when compared with the simulated PID
controller. With the LQG controller offering the least excess
power draw of the controller topologies tested, this would be
the obvious choice in a system where minimal power draw is
required. However, it should be noted that the implementation
of either optimal control method is significantly more compu-
tationally complex than the PID controller. Therefore, a PID
controller may be more suitable depending on the available
resources and the level of necessity for an efficient levitation
system. Specific applications where excess power dissipation
may be required would be in the use of a high-temperature
superconducting (HTS) levitator. This is due to HTS operating
at low temperatures (60 Kelvin) and therefore any additional
heat leak above the minimum required could cause the HTS
tape to fail and levitation to cease assuming the cryocooler in
use did not have the capabilities to handle the additional heat.

This research is limited largely due to the assumption that an
ideal understanding of the system is available in the simulated

models. This assumption offers less realistic results than what
would be seen if these controllers were applied to a physical
model. Additionally, the modeling of this system’s dynamics
was constrained to having two coaxial coils. Therefore, a
thorough understanding of the system’s motion in its other
degrees of freedom via simulation is missing.

Future works could include the implementation of the opti-
mal controller topologies within the physical system. Along
with an evaluation of their power consumption at steady-
state for comparison with the simulated values produced.
Additionally, the investigation into the recreation of a 6-
dof model, much like the one produced by LDX, and the
optimization of several controller topologies for comparisons
with the controllers produced for the coaxially constrained
model may prove of interest. Finally, the implementation
of this model in a Hardware-in-the-loop (HIL) system may
prove useful in gaining a better system understanding and in
producing a controller optimized for energy efficiency.
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