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Abstract

In recent years, globalisation and the focus on climate issues have led several
governments to invest in faster, safer, and less polluting transport systems.
Hyperloop Transportation Technology stands at the centre of this scenario
due to its ability to reach very high speeds by exploiting electrodynamic phe-
nomena between the track and the magnets attached to the train capsule.
One of the most important factors on which the feasibility of the project de-
pends, and on which most contemporary studies are focusing, is the stability
of the system. State of art literature has shown that the unstable nature of
magnetic levitation systems depends on the strong interaction between the
electrodynamic and mechanical domains. This instability can be identi�ed
using a lumped-parameter model with multiple branches and can be removed
by adding damping through a secondary suspension.
Another important aspect is to analyse how the lift and drag forces to which
the magnetic levitation system is subjected vary according to the speed and
distance between the track and the magnets.
After a brief literature review, to validate electrodynamic levitation, a ded-
icated test bench is proposed: some of its elements, such as load cells, alu-
minum track and copper rim, are characterized and the procedure followed
to create a 90° Halbach array is illustrated. Afterwards, the thesis is divided
into two main parts: the �rst one concentrates on the quasi-static experi-
ment and the lift and drag curves to which the 90° Halbach array is subject
are analysed for di�erent gaps and angular velocities of the test bench. In
the second part, starting from the experimental data, using a multidomain
approach and performing the root locus, an optimal value of damping nec-
essary to stabilise the system is found. Subsequently, the use of a voice coil
as a damper is justi�ed and an attempt is made to characterise its most
important quantities such as resistance, inductance, and intrinsic damping,
which do not remain linear during its operation time. Finally, two possible
control solutions that could be implemented on a dedicated control unit and
on the test bench are illustrated.
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Chapter 1

Introduction

1.1 Magnetic levitation transport systems

In recent decades, globalisation and the growing climate crisis have prompted
several governments to invest in renewable resources: an example is the
Strategic Transport Research and Innovation Agenda (STRIA) of the Eu-
ropean Union that deals with smart and sustainable mobility [1, 2]. The
transport systems are in the center of this revolution to achieve more e�cient
and lower emission technologies. For these reasons, nowadays, the e�orts of
engineers and scientists are directed towards developing magnetic levitation
based systems, the so called maglev trains: using electromagnetic phenom-
ena to levitate above the tracks on which they travel, they can reach speeds
up to 600 km/h with a fully electrical propulsion. This kind of transporta-
tion systems brings several advantages, such as, low air pollution, reduction
of maintenance costs due to the absence of rolling friction that makes the
train very quiet and provides a very smooth ride for passengers. On the
other hand, the greatest obstacle to the development of maglev systems is
that they require entirely new infrastructure that cannot be integrated with
existing ones. In this scenario, the Hyperloop concept ran as one of these
possible future transportation systems.

1.2 Hyperloop transportation system

Based on Robert Goddard' s vactrains, i.e vacuum tube trains [3], the
Hyperloop idea was introduced at the All Things Digital Conference and
proposed in a white paper published by SpaceX in 2013 [4]: the maglev idea
was improved introducing the use of low-pressure tubes in which the levi-
tating capsules, propelled by an electric motor, travel subjected to minimal
air drag force, allowing the trains to achieve speeds in excess of 1200 km/h
(�gure 1.1 shows the Hyperloop passenger transport capsule conceptual de-
sign).
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Figure 1.1: Hyperloop passenger transport capsule conceptual design

1.2.1 Levitation system

The use of wheels is made impossible due to the high speeds, so, in the �rst
project, the capsule levitated through air bearings; then, the idea evolved
by replacing the air bearings with magnetic pads; their use is based on the
Inductrack concept [5] and on the electrodynamic levitation: the relative
movement between the capsules with permanent magnets and the conduct-
ing tracks induces eddy currents as result of the Faraday-Lenz law; as a
consequence, the capsule is a�ected by two forces:

� lift force FL, on the vertical direction, responsible for the levitation;

� drag force FD, a friction force since it acts in the opposite direction to
the motion of the train.

PM based levitation system involves great advantages, such as, large air
gaps, self-reliability and semplicity. Moreover, it is a fully passive system, so
no cooling systems are needed [6]; another important aspect for very high-
speed transportation technology is that the lift-to-drag ratio increases with
speed. Unfortunatly, as drawback, these systems are intrinsically unstable.

1.3 Scienti�c research review

Since the technology required to implement the Hyperloop project would
revolutionise many areas, past scienti�c research have dealt with the infras-
tructure [7], aerodynamics of the system [8] and propulsion [9, 10]. Instead,
the most recent ones have focused on the electrodynamic levitation [11] and,
in particular, on �nding a solution to its instability behaviour.
Tonoli et al. [12, 13, 14, 15], Filatov and Maslen [16], and Lembke [17, 18, 19,
20] research e�orts were on modelling di�erent con�guration of the EDB's
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to study stabilisation techiniques.
Van Verdeghem et al., instead, have investigated rotating systems with
EDB's [21] determining numerically the minimum amount of damping re-
quired for stabilization.
Regarding the translational variant of the EDB's, Post and Ryutov [22] have
modelled its unstable behaviour without observed it with experiments.
Recently, Guo et al. studied the static force characteristics using or an equiv-
alent circuit to model the levitation phenomenon or a vector potential ap-
proach to optimise the geometry and the levitation of the system [23, 24, 25].
Wang et al. proposed a two DOF model that accurately reproduces the elec-
trodynamic levitation behaviour (oscillations are present in the transient-
time response) but it is not suitable for demonstrate the unstable behaviour
of the levitation systems [26, 27].
In both the above research, the instability problem was not discuss.
Neither of these studies take into account the mechanical dynamic behaviour
of the system where, instead, the instability takes place: in fact, the unstable
nature in the magnetic levitation systems arises from the strong interaction
between the electrodynamic and the mechanical domain.

1.3.1 Multidomain approach

A multidomain approach able to describe the electrodynamic levitation phe-
nomenon when coupled with the mechanical domain was proposed by Gal-
luzzi et al. and Circosta et al. [28, 29]: in these studies, the nonlinear elec-
trodynamic levitation phenomenon is discretised using a lumped-parameter
model, so that, the dynamic behaviour of the current inside the track con-
ductor is represented as a multiple branch RL circuit. Comparing the results
from the FE model and the lumped-parameter model, a suitable number of
branches Nb that optimises the �tting quality can be found.
Let's consider an Halbach array of NdFeB permanent magnets (PM) (whose
in-depth description will be covered in chapter 4) as proposed by Post [30],
and a track made by aluminum that follows the speci�cations provided by
SpaceX for the Hyperloop Pod Competition [31]: both the PM array and
the aluminum slab are subjected to electromagnetic phenomena based on:
the relation between the magnetic �eld H and the current density J in each
medium (equation 1.1), the Lorenz force (equation 1.2) used to compute the
current density distribution inside the track due to the velocity vector v of
the aluminun track and the Ampere's law (equation 1.3):

∇×H = J (1.1)

J = σ(v×B) (1.2)

B = µ0µrH (1.3)

3



The equations 1.1, 1.2 and 1.3 represent the intrinsic nonlinear nature of
the electrodynamic phenomenon due to the strong interaction between the
mechanical and the electrical domain. In order to analyse the dynamic be-
haviour of the system, Galluzzi et al. [28] propose to linearize the system
using the lumped parameter method: the model consists of a number of par-
allel branches Nb, each with its own resistivity Rk and inductance Lk (�gure
1.2).
In this way, the continous current density distribution is discretized.

Figure 1.2: Lumped-parameter model

E, instead, represents the back-electromagnetic force on the track due to the
time varying �ux linkage λ generated by the PM array.
Using a reference frame �xed to the track, the permanent magnetic �ux link-
age λ can be rewritten using the complex notation; the lift and the drag forces
are derived from the mechanical energy and following the steps illustrated
by Galluzzi et al. [28], the levitation forces are formulated in equations 1.4
and 1.5 whose parameters description can be found in table 1.1.

Flift =
Λ2

0

γ
e

(
−2zp
γ

)
Nb∑
k=1

ω2

ω2
p,k

(1 + ω2

ω2
p,k

)
(1.4)

Fdrag =
Λ2

0

γ
e

(
−2zp
γ

)
Nb∑
k=1

ω
ωp,k

(1 + ω2

ω2
p,k

)
(1.5)
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Description Formula Measurement Unit

Magnet side length am mm
Number of magnets per pole pair Nm -

Pole pitch ratio γ = Nmam
2π -

Complex rotational velocity ω = v
γ rad/s

Natural frequency of each branches ωp,k = Rk
Lk

rad/s

Flux linkage Λ0 Wb

Table 1.1: Levitation forces parameters

1.4 Thesis goal

The goal of this thesis is to analyse the experimental results using a test
bench in terms of lift and drag force applied on a 90° Halbach array for
di�erent speeds and distances between the pad and the track. The test bench
is in a laboratory scale but, through COMSOLMultiphysics®simulations the
results are then rescaled. Afterwards, starting from the experimental data,
using a multidomain approach and performing the root locus as proposed
by Galluzzi et al. [28], a dynamic analysis is performed to �nd an optimal
value of damping necessary to stabilise the system.

1.4.1 Outline

This work is organized as follows. In chapter 2 is illustrated the test bench
and the quasi-static measurement system installed on it that will be used
during the experiment; afterwards, the load cells attached on it are charac-
terized in order to model any interference between the measurements in lift
and drag direction.
In chapter 3 the aluminum disk and the copper rim of the test bench are
characterized to see how far they deviated from the planarity. All these char-
acterizations are made in order to better analyse the experimetal results.
In chapter 4 the procedure to create a 90° Halbach array is illustrated and
the related assembly on a pad. In addition, the non idealities sources also
are taken into consideration.
Chapter 5 deals with the quasi-static experiment: after introducing the nec-
essary instrumentation, the results are shown in terms of lift and drag curves.
In chapter 6 the dynamic measurement system is illustrated and the choice
of a voice coil as a damper is discussed; an attempt is made to characterise
its most important quantities such as resistance, inductance, and intrinsic
damping, which do not remain linear during its operation time; furthermore,
the �tting analysis and the root locus are performed to evaluate the optimal
damping necessary to stabilize the system. Finally, two possible control so-
lutions that could be implemented on a dedicated control unit and on the
test bench are illustrated.
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At last, conclusion on the performed activities are drawn and proposal for
further studies are provided.
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Chapter 2

Test bench characterization

2.1 Main frame

In �gure 2.1 a section view of the test bench main frame is represented: it
is composed by a disk and a copper rim on it and a support steel structure
that guarantees safety during the experiment. The disk is connected to a
AKML74L Kollmorgen electric motor (datasheet on Ref [32]) that is used for
propulsion through a torsional joint and a shaft. Figure 2.2 shows a photo
of the real test bench layout.

Figure 2.1: Test bench main frame drawing

2.2 Quasi-static measurement system

Figure 2.3 anf �gure 2.4 represent the drawing and the real measurement
system used in the quasi-static experiment that is composed by the following

7



Figure 2.2: Real test bench layout

elements:

� micrometric linear stage (1) used to impose the distance between the
copper rim and the PM array, that is the constant airgap zp;

� load cells (2, 6) used to measure the lift and drag forces; in particolar,
the load cells mounted in the experiment are HBM S2M type as shown
in �gure 2.5 (datasheet on Ref [33]);

� magnetic pad (4);

� flexure hinges (3,5) used to decouple the degrees of freedom within
the measurement process.

8



Figure 2.3: Quasi-static measurement system

Figure 2.4: Real quasi-static measurement system

2.3 Load cell characterization

2.3.1 Load cell framework

As said before, two load cells are used to measure lift and drag forces in two
mutually perpendicular directions (�gure 2.6).

The purpose of the characterization is to verify the accuracy of the load
cell measurements and to model any interference between the measurements
in the two directions of interest. A set consisting of ten sample masses (�gure
2.7 ) whose mass is known with good accuracy (table 2.1), is used to perform
the characterization.

First of all, the two load cells were characterised without being connected
to any elements: they were loaded with 5 di�erent masses and through a
MGCplus ampli�er (datasheet on Ref [34]) the true measured forces were

9



Figure 2.5: Load cell

Mass [Kg] Q.ty Weight force [N]

0.1300 1 1.27

0.3918 1 3.84

0.5300 1 5.19

0.6980 1 6.84

1.004 2 9.81

1.005 2 9.81

1.008 1 9.81

1.7610 1 17.26

Table 2.1: Sample masses parameters

quanti�ed. Figure 2.8a and �gure 2.8b shows the results: as we can see, the
load cells measurements are very accurate, since the measured and the true
forces are practically identical (the bisector represents the ideal behaviour of
a load cell); also, the errors computed as the di�erence between the theoret-
ical and measured values shown in the histograms in �gure 2.9a and �gure
2.9b are very small and they can be neglected.

2.3.2 Load cells interference modelling

Load cells 1 and 2 are positioned perpendicular to each other. This particular
layout implies that by applying a force parallel to the lift direction even the
cell that measures the force in the drag direction will be minimally a�ected
by this force and will measure a value. The same observation also occurs
vice versa, when a force is applied in the direction parallel to the drag. The
situation just described represents an undesired e�ect and it is important to
model it in order to evaluate its entity and possible corrections. During the
acquisition procedure, load is applied in only one direction (lift or drag) and
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Figure 2.6: Load cell framework

Figure 2.7: Samples masses

measurements from both load cells are acquired. 17 di�erent measurement
points are de�ned with di�erent combination of the sample masses in a range
[0.1300 Kg � 5.0024 Kg]. In table 2.2 are shown the 17 di�erente forces that
will be applied to the loads cell.

Lift con�guration

In the lift con�guration, the force is applied only in the lift direction (mea-
surement direction of cell 1); �gure 2.10 shows how during the experiment
the load cell is loaded: in particular, an aluminum plate was used to separate
the sample masses made of ferromagnetic material and the Halbach array.
Figure 2.11 illustrates the results: to performed a better analysis, the mea-
surement points acquired on load cell 1 (in red) and load cell 2 (in blue) were
interpolated using a Curve F itting algorithm in Matlab®, from which we
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(a) Lift load cell forces (b) Drag load cell forces

Figure 2.8: Load cells characterization

(a) Lift load cell errors (b) Drag load cell errors

Figure 2.9: Load cells errors

obtain an angular coe�cient (M) and an o�set value (Q) both for the cell
1 and the cell 2 (table 2.3); these values are then used to plot two straight
lines (�gure 2.12): as expected, cell 1 curve follows the bisector while the
cell 2 curve is almost always equal to 0, even if the zoom shows that also
the load cell that measures the drag force is minimally a�ected by the forces
applied only on the lift direction.

Moreover, the o�set between the measured and the theoretical values
that a�ects cell 1 can be plotted: as shown in �gure 2.13, the maximum
o�set equal to 0.45 N is obtained when a force of 50 kg is applied and, since
it represents less than 1 percent of the force, it can be neglected.

Drag con�guration

In the drag con�guration, the force is applied only in the drag direction
(measurement direction of cell 2); �gure 2.14 shows how during the exper-
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1.27 3.84 5.19

8.11 9.81 13.65

17.26 19.62 23.46

26.46 29.43 33.27

36.27 39.24 43.08

46.70 49.05

Table 2.2: Measurement point forces

Figure 2.10: Lift con�guration setup

iment the load cell is loaded. In �gure 2.15 the results are represented: as
in the previous case, to perform a better analysis, the measurement points
acquired on load cell 1 (in red) and load cell 2 (in blue) were interpolated
using a Curve F itting algorithm in Matlab®, from which we obtain an
angular coe�cient (M) and an o�set value (Q) both for the cell 1 and the
cell 2 (table 2.4); these values are then used to plot two straight lines (�gure
2.16): as expected, cell 2 curve follows the bisector while the cell 1 curve is
almost always equal to 0, even if the zoom shows, as in the previous con�g-
uration, that also the load cell that measures the lift force is a�ected by the
forces applied only on the drag direction; the o�sets of cell 2 can be neglected
since the maximum one is equal to 0.11 N and represents the 0.23 percent
of 46 kg (�gure 2.17).

Interference matrix

It is possible to numerically compute the interference that the two cells exert
on each other (equation 2.1 and equation 2.2).

y1 = M1,1xl +M1,2xd +Q1lift +Q1drag = M1,1xl +M1,2xd +Q1,1 (2.1)

y2 = M2,1xl +M2,2xd +Q2lift +Q2drag = M2,1xl +M2,2xd +Q2,1 (2.2)

13



Figure 2.11: Lift con�guration measurements

Angular coe�cient O�set value

Cell 1 M1lift = 0.9912 Q1lift = -0.0241

Cell 2 M2lift = 0.004589 Q2lift = 0.009415

Table 2.3: Lift con�guration angular coe�cients and o�sets

The force measured in the lift direction y1 (measured by the load cell 1)
is the sum of three di�erent contributions: a contribution due to the force
applied along the lift direction xl, a contribution due to the force applied
along the drag direction xd and a contribution due to the o�sets of the lines
interpolating the measurement points (and related to the load cell 1), which
add up to a single o�set coe�cient Q1,1 (equation 2.1).

Similar reasoning can be applied regarding the force measured along the
drag direction y2 (by the load cell 2) (equation 2.2).

The previous equations can be rearranged in matrix form:[
y1

y2

]
=

[
M1,1 M1,2

M2,1 M2,2

] [
xl
xd

]
+

[
Q1,1

Q2,1

]
(2.3)

Y = MX +Q (2.4)

where:

� Y is a [2 x 1] matrix that represents the forces measured on load cell 1
(y1) and load cell 2 (y2);

� X is a [2 x 1] matrix represents the theoretical forces that are applied
on load cell 1 (xl) and load cell 2 (xd).

� M is a [2 x 2] matrix that contains the angular coe�cients of the lines
interpolating the measurement points.
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Figure 2.12: Lift con�guration measurement �tting

Angular coe�cient O�set value

Cell 1 M1drag = 0.00283 Q1drag = 0.01080

Cell 2 M2drag = 1.0010 Q2drag = 0.02321

Table 2.4: Drag con�guration angular coe�cients and o�sets

� Q is a [2 x 1] matrix that contains the o�sets of the lines interpolating
the measurement points.

By inverting equation 2.3, it is possible to derive the real applied forces xl
and xd from the values of the forces measured in the two directions (lift and
drag) (equation 2.5):[

xl
xd

]
=

[
M1,1 M1,2

M2,1 M2,2

]−1([
y1

y2

]
−
[
Q1,1

Q2,1

])
(2.5)

Using Matlab®, the numerical results can be computed (equations 2.6 and
2.7): [

M1,1 M1,2

M2,1 M2,2

]
=

[
0.9912 0.0028
0.0046 1.0010

]
(2.6)[

Q1,1

Q2,1

]
=

[
−0.0133
0.0326

]
(2.7)

Measurement correction

Using equation 2.5, the force values measured by the load cell can be cor-
rected �nding the real applied forces; in this way, when a force is applied in
the drag direction, the value measured by the lift load cell will be even more
equal to zero and viceversa. If we analyse �gure 2.18a that shows the drag
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Figure 2.13: Cell 1 o�sets vs the applied forces in the lift direction

con�guration results, the orange line represents the theoretical values that
cell 1 should measure (null in this case): the green line, instead, represents
the force values obtained after the correction. If we compare this line with
the black points that represents the measured values, after the correction
they are closer to 0. This is highlighted in �gure 2.18b that shows the errors
that a�ect cell 1 in the drag con�guration: they decreases after the correc-
tion.
Same analysis can be done for the lift con�guration regarding cell 2 (�gure
2.19a and �gure 2.19b).
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Figure 2.14: Drag con�guration setup

Figure 2.15: Drag con�guration measurements
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Figure 2.16: Drag con�guration measurement �tting

Figure 2.17: Cell 2 o�sets vs the applied forces on drag direction
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(a) Drag con�guration results (b) Magnitude errors

Figure 2.18: Drag con�guration results and magnitude errors on cell 1 before
and after the correction

(a) Lift con�guration results (b) Magnitude errors

Figure 2.19: Drag con�guration results and magnitude errors on cell 2 before
and after the correction
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Chapter 3

Aluminum disk and copper rim

characterization

In order to analyse the data as best as possible, the aluminum disk and the
copper rim were characterised to see how far they deviated from the planarity.
The measurements were performed using a Vogel digital dial indicator (or
centesimal dial gauge) (�gure 3.1 and datasheet on Ref [35]).

Figure 3.1: Vogel digital dial indicator

3.1 Aluminum rotor height measurement

As shown in �gure 3.2, the digital dial indicator was �xed to the frame
structure through a piece of wood and two C-clamps while the terminal part
touched the disk measuring the di�erent heights.
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Figure 3.2: Aluminum rotor height measurements setup

After turning the rotor through 360 degrees, the results in �gure 3.3 were
obtained: as we can see, there is a peak of 0.5 mm in a portion of the disk,
while the other part is almost planar.

3.2 Copper rim height measurement

In order to proceed to the copper rim height measurements, the digital dial
comparator was �xed to the frame structure as the previous case (�gure 3.4).

Measurements were performed in 5 di�erent points of the rim, separated
from each other by 10 mm (�gure 3.5). The obtained qualitative trend is
shown in �gure 3.6 and �gure 3.7: the trend of the track is very irregular,
achiving peaks of 0.3 to -0.5. In particular, the minimums of each measure-
ment are at a speci�c point on the track, i.e. where the start and end ends of
the copper pro�le have been welded together to create the copper rim (�gure
3.8).
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Figure 3.3: Aluminum rotor measurement results

Figure 3.4: Copper rim height measurements setup
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Figure 3.5: Copper rim measurement points

Figure 3.6: a) Qualitative trend of the copper rim: 3D analysis

Figure 3.7: b) Qualitative trend of the copper rim: 2D analysis
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Figure 3.8: Copper rim defect
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Chapter 4

Halbach array

An Halbach Array is a particular union, or layout, of permanent magnets
arranged in such a way as to strengthen the magnetic �eld along one face
of the array while at the same time cancelling out the magnetic �eld in the
opposite face by interference.
The quasi-static experiment were performed with two di�erent con�gurations
of Halbach arrays that di�er from each other by the direction of polaritation
of the magnets that composed them: the 90° con�guration and the 45° con-
�guration.
Figure 4.1a shows the general scheme of the 90° con�guration Halbach array:
the polaritation of each magnets is perpendicular with respect to the one of
the magnets next to it, following a precise order.
Figure 4.1b, instead, shows the general scheme of the 45° con�guration Hal-
bach array: in this case, the polaritation of each magnet is at 45° with respect
to the one of the magnets next to it with a precise order.

In the following sections, only the 90° con�guration will be considered
and it will be illustrated the procedure for creating the Halbach array and
the obtained results.
Other important informations which can be anticipated and will be used for
the �tting analysis in section 6.2 are the number of magnets per pole pair
Nm equal to 4 and the magnet side length am equal to 12 mm.

(a) 90° Halbach array con�guration (b) 45° Halbach array con�guration

Figure 4.1: Halbach array con�gurations
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4.1 Halbach array single assembly procedure

In this section the procedure to create a single Halbach array will be illus-
trated. The material required is as follows:

� 9 magnets measuring 30x12x12 mm (the properties are reported in
�gure 4.2);

� one steel plate (�gure 4.3a);

� one plate of non-ferromagnetic material (e.g. aluminium) (�gure 4.3a);

� three plastic plates of di�erent sizes (�gure 4.3b);

� wooden pro�les (useful for handling and positioning the magnets) (�g-
ure 4.3c);

� hammer;

� clamp (�gure 4.3d);

� two-component glue UHU Plus Endfest 300 kg (datasheet on Ref [36]);

� double-sided adhesive tape.

Figure 4.2: Magnets properties

The magnets have the same dimensions so therefore the two magnets
with one side of the cross-section halved (located at the extremes of the con-
�guration as in �gure 4.1a) will not be present.
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(a) Aluminum plate (above) and steel
plate (below)

(b) Plastic plates

(c) Wooden pro�les (d) Clamp

Figure 4.3: Materials for a single Halbach array
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The following steps are the operating procedure for creating a single
Halbach array:

� glue the plastic plates onto the steel and aluminium plates using double-
sided adhesive tape so that the con�guration is similar to the one shown
in �gure 4.4;

Figure 4.4: Single Halbach array assembly procedure: step 1

� position the metal plate �xed with the plastic plates and the third and
last plastic plate inside the clamp in such a way as to form a con�g-
uration that allows the magnets to be inserted and held in position.
The con�guration is shown in �gure 4.5 (the clamp is not the one used
in reality but only a representation of it).

Figure 4.5: Single Halbach array assembly procedure: step 2
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(a) Solidworks assembly model (b) Real assembly photo

Figure 4.6: Single Halbach array assembly

� insert the magnets one at a time, taking care to place them in the
correct position and helping with this with the wooden pro�les. Before
positioning the magnets, spread a layer of two-component glue on the
face that will be in contact with other magnets. After positioning,
from the second magnet onwards, adhere the surfaces of the magnets in
contact by repeatedly tapping with the wooden pro�les and a hammer.
The con�guration obtained should be similar as shown in �gures 4.6a
and 4.6b.

� repeat the previous step until all the magnets are fully inserted. Then
let the two-component glue rest for at least 24 hours before releasing
the Halbach array from the clamp. The optimal situation would be to
heat the whole assembly to a temperature of 70 degrees Celsius so that
the glue solidi�es in a much shorter time and maximum holding power
is obtained from it.

� clean the Halbach array of external plastic and glue residues. The �nal
result is shown in �gure 4.7 (the green lines indicates the direction of
polaritation of each magnets as in the scheme in �gure 4.1a).

29



Figure 4.7: Single Halbach array

4.2 Halbach arrays assembly procedure

This section illustrates how to assemble two single Halbach arrays created
following the above procedure, in order to create the Halbach array with the
dimension needed in the experiment; the material required is as follows:

� 2 complete Halbach arrays (dimensions 30x12x108);

� 2 aluminium L-pro�les;

� 6 plastic plates;

� clamp;

� two-component glue UHU Plus Endfest 300 kg (datasheet on Ref [36]).

The operating procedure is the following one:

� glue the plastic plates to the two aluminium pro�les so that they form
a complete covering. This is necessary to ensure that the glue does not
come into direct contact with the aluminium and thus make it di�cult
to separate the two Halbach arrays once the procedure is complete;

� carefully lay the two Halbach arrays on the plastic-coated L-pro�les as
shown in the �gure 4.8;

� place the assemblies obtained on the clamp, taking care to place them
at a su�ciently large distance so that the repulsion forces between the
two Halbach arrays do not interfere with the process and do not result
in displacement of the arrays. The clamp that is used must be made of
ferromagnetic material so that an attractive force is established in the
direction normal to the surface of the Halbach arrays to ensure that
they remain in position during the process (�gure 4.9);
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Figure 4.8: Halbach array assembly procedure: step 2

� apply two-component glue to the faces of the Halbach arrays that will
come into contact once the clamp is tightened, and proceed with bring-
ing the arrays together, monitoring that the forces involved do not
attempt to rotate or translate them. The �nal assembly is shown in
�gures 4.10a and 4.10b;

� allow the assembly to rest for at least 24 hours before removing the
Halbach arrays so that the two-component glue fully solidi�es and en-
sures that the two arrays hold together. The �nal result is shown in
�gure 4.11.

4.3 Halbach array assembly procedure on a pad

After the creation of the Halbach array needed for the experiment, it must
be assembled on a pad. The material required is as follows:

� 2 complete Halbach arrays bound together (dimensions 60x12x108);

� aluminium pads;

� indelible marker;

� two-component glue UHU Plus Endfest 300 kg (datasheet on Ref [36]).

The operating procedure is the following one:

� draw guidelines for centring the Halbach arrays on the aluminium pad,
the result to be obtained is shown in �gure 4.12;
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Figure 4.9: Halbach array assembly procedure: step 3

(a) Solidworks assembly model (b) Real assembly photo

Figure 4.10: Halbach array assembly
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Figure 4.11: Halbach array

Figure 4.12: Halbach array assembly on a pad: step 1

� apply two-component glue to the face of the array that is to be glued
and place the array on the aluminium pad (�gure 4.13). During this
step, it is important that the support planes are perfectly �at in order
to ensure the stability of the array and avoid slippage that would lead to
incorrect centring. If you have the possibility, heat the assembly in an
oven at a temperature of 70 degrees Celsius for 45 minutes, otherwise
leave it to rest for at least 24 hours before handling the assembly. The
�nal result is shown in �gure 4.14.

4.4 Non idealities sources

To test the quality of the above created pad, some possible non idealities
sources that could a�ected the measurements in the quasi-static experiment
should be investigated.

Magnetic Flux density By comparison

In �gure 4.15a is shown the comparison between the experimental mea-
surements of the magnetic �ux density By carried by a gaussmeter with a

33



Figure 4.13: Halbach array assembly on a pad: step 2

Figure 4.14: Final pad

transversal probe at a distance equal to 0.75 mm (�gure 4.15b) (black line)
and the COMSOL simulation calculated at the same distance (red line): the
experimental data follow the simulations quite accurately.

Pad inclination wrt copper rim track

Mounted on its experimental con�guration, the pad is not perfectly alligned
with respect to the copper rim, so the yaw, roll and pitch angle of the
pad has been evaluated experimentally and subsequently included in the 3D
COMSOL model simulation (�gure 4.16).

Other non idealities source

Other possible non idealities sources are listed below:

� eddy current end edge e�ects could not be negligible;
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(a) Magnetic �ux Comparison (b) Experimental measurements

Figure 4.15: Magnetic �ux density comparison

Figure 4.16: Yaw, roll and pitch angle

� there could be air gap uncertainty due to pad vibrations, copper rim
not recti�ed and aluminum rotor not balanced (as shown in section
3.1).
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Chapter 5

Quasi-static experiment

The goal of the quasi-static experiment is to obtain lift and drag curves for
di�erent air gaps (distances between pad and coppper rim) and di�erent
angular velocities of the disk. Figure 5.1 shows schematically the procedure
followed during the test.

Figure 5.1: Quasi-static acquisition procedure

An host PC, using the KollMorgen Workbench, controls the electric mo-
tor through an inverter setting its velocity to a desired value. Another host
PC is connected to the SCADAS Mobile LMS (datasheet on Ref [37]) that
acquires the variables of interest, such as the motor angular velocity ωrot
[degs ], obtained directly from the inverter, the lift and drag forces obtained
by the load cells (HBM 500) mounted in the experiment. Figure 5.2 shows
a photo of the instrumentation setup above described.
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Figure 5.2: Quasi-static acquisition setup

5.1 Instrumentation set-up

Electric motor management

Considering the inverter (�gure 5.3a), from the connector X8 (pin 8 of the
inverter), it is possible to read the �ltered velocity of the disk (±10 V analog
signal). Using two crocodile probes with BNC connector and considering
that pin 7 of the connector X8 is used as ground, the analog information is
sent to the SCADAS for acquisition (�gure 5.3b).

Kollmorgen WorkBench setup

It is necessary to convert the motor speed into an analog signal (± 10 V) by
setting a gain via the Kollmorgen WorkBench interface: to calculate it, we
have to start from the maximum speed assumed to be reached during the
tests: in the considered experiment, assuming a maximum speed of 500 rpm,
we have added 20 percent to it reaching 600 rpm. After that, considering
only the positive range of the analog signal, the convertion becomes:

600

10
= 60[

rpm

V
] (5.1)

Then, rpmV must be converted in
deg
s
V multilplying the value in equation 5.1

by 6. So the �nal gain to set is 360
deg
s
V (�gure 5.4a).

Via the "Service Motion" interface of the Kollmorgen WorkBench it is pos-
sible to set the desired acceleration and deceleration value and the desired
reference speed to be reached during the test. In order to start the test, the
"Start" button must be pressed and the disk will accelerate eventually reach-
ing the desired reference speed. After that, when the speed has stabilised,
by clicking on "Axis disable" button, it is possible to cut the power to the
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(a) Inverter (b) Inverter pin

Figure 5.3: Electric motor management

motor by putting it in "neutral" state and let the disk brake due to friction
drag and inertia losses (�gure 5.4b).

SCADAS setup

Figure 5.5a shows the "Channel Setup" window of the SCADAS interface
that shows the three important data to be obtained during the experiment.
Input 1 and input 2 are the lift and drag force signals measured by the load
cells, respectively: these signals are conditioned by HBM MGCPlus and sent
to SCADAS as analog signals. Input 3, instead, is the angular velocity ob-
tained from the inverter: since it is an analog signal (± 10 V), it must be
converted using the previously calculated gain setting an "actual sensitivity"
calculated as in equation 5.2.

1

(GAINKollmorgen)
=

1

360
= 2.78e− 3

V
deg
s

(5.2)

Also in "Channel Setup", the "actual sensitivity" of the lift and drag force
channels are to be set equal to 20 mV (the load cells, in fact, have a nominal
sensitivity equal to 2 mV/V which must be multiplied by 10 V that is the
signal output range).
In addition, in "Acquisition Set-up", it must be set an "EU Range" for all
channels that is proportional to the force and speed values expected from
the test, otherwise "Overload" will occur during acquisition (�gure 5.5b).
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(a) Kollmorgen Workbench gain setup

(b) Kollmorgen WorkBench service motion setup

Figure 5.4: Kollmorgen WorkBench setup

5.2 Experimental results

5.2.1 Time behaviour

Quasi-static test have been performed at ωref equal to 400 rpm: �gure 5.6a
shows the acquired behaviours of ωrot at di�erent air gaps (experimental
tests were conducted for 9 di�erent air gaps shown in �gure 5.6b).
The data acquisition consists of three phases:

� the �rst one is the acceleration phase during which the disk reaches
the velocity set via Kollmorgen WorkBench;

� the second one is the steady-state speed phase during which the disk
have reached the set velocity, so the motor keeps it constant;
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(a) SCADAS channel setup

(b) SCADAS acquisition setup

Figure 5.5: SCADAS setup

� the third is the deceleration phase in which the power is disconnected
so the velocity disk starts to decrease until it reaches zero: interest-
ingly, the smaller the gap, the faster the disc decelerates, resulting in
increasingly steep deceleration curves.

Even more interesting are the curves in �gure 5.7a and �gure 5.7b that show
the time behaviours of lift and drag forces for the 9 experimental tests.
Regarding the magnitude, both for the drag and the lift force, it is inversely
proportional to the air gap: so smaller air gaps produce higher values of
forces.
Regarding the trend of the forces, when the power is disconnected, the lift
force immediately decreases following a curve that is steeper the smaller the
air gaps are; instead the drag curves show a slightly di�erent trend: the force
reaches its maximum value at the electromagnetic pole (3D FEM simulations
in COMSOL Multiphysics®show an electromagnetic pole at 163 rpm) then
decreases reaching the steady value; when the power is disconnected, there is
a peak of the force that reaches almost the value before the electromagnetic
pole and then decreases until zero as the lift force.
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(a) Quasi-static time behaviour results

(b) Air gaps legend

Figure 5.6: Quasi-static time response

5.2.2 Speed behaviour

It is interesting to plot the speed behaviour of the drag and lift forces during
the deceleration phase (�gure 5.8a and �gure 5.8b): here too, it can be
clearly seen that magnitude force increases with small gaps and the trend of
the drag force before and after the electromagnetic pole.

5.2.3 Uncertainty zone

In section 4.4 was described the inclination and orientation of the pad with
respect to the copper rim considering them as a possible source of non ideal-
ities. Using COMSOL Multiphysics®is possible to draw an uncertanty zone
due to this phenomenon on the lift and drag curve as shown in �gure 5.9:
the upper bound represents the nominal pad set up, so the values of forces
of the pad if it were not tilted, while the lower bound represents the tilted
pad set up. It is important to notice that the experimental data lies within
the numerical results' bounds.

41



(a) Lift forces time behaviour

(b) Drag Forces time behaviour

Figure 5.7: Lift and drag forces time response

5.2.4 Lift to drag ratio

The lift to drag ratio is an important parameter that indicates the e�ciency
of the system and it can be used to verify how accurate is the behaviour of the
Halbach array. As we can see from �gure 5.10 the lift to drag ratio increases
with the speed but it has not a constant behaviour for all the airgaps: for
higher values of the latter we get a higher ratio; this means that the system
is more e�cient.

5.2.5 Scaled results

As is understandable, for physical reasons, the entire test bench was designed
to replicate and study the behaviour of a real system that will be mounted
on an Hyperloop train in a smaller scale. After obtaining the lift and drag
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(a) Lift forces speed behaviour

(b) Drag Forces speed behaviour

Figure 5.8: Lift and drag forces speeds response

curves for the scaled Halbach array, via 3D FEM simulations using COM-
SOL Multiphysics®, it was possible to derive a scale factor that correlates
the data obtained above with that which could be obtained with a full-size
system: the value of the scale factor is equal to 4 and consequently, the
scaled Fl and Fd are proportional to the scale factor2 while the velocity is
proportional to the scale factor. Figure 5.11 shows the scaled lift and drag
curves.

5.2.6 COMSOL simulation and experimental results com-

parison

The behaviour of lift and drag forces are reported along with the related
numerical results obtained via 3D FEM in COMSOL Multiphysics®. Sim-
ulation results have been obtained considering to add an o�set of 0.75 mm
to each nominal air gaps: this o�set takes into account all the non idealities
discussed in section 4.4. Figure 5.12a shows the results for the scaled pad
for 4 di�erent airgaps: as we can see, the curve overlap quite well.
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Figure 5.9: Uncertainty zone

5.2.7 Temperatures

During the experiment, the temperatures of the copper track and the pad
before and after the test were monitored for each air gaps using a Fluke
infrared thermometer (datasheet on Ref [38]). Table 5.1 shows the results:
as expected, the largest temperature di�erence on the copper rim between
the start and end of the test was recorded at the smallest gap (∆T = 4°).
Figure 5.13 shows an example of image taken by the infrared thermometer.
However, it is important to emphasise that the obtained values are only
indicative as they were measured on re�ective materials using an infrared
camera and, therefore, subject to errors.
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Figure 5.10: Lift to drag ratio

Figure 5.11: Scaled lift and drag curves
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(a) Scaled lift and drag curves vs COMSOL simulations

(b) Air gaps legend

Figure 5.12: Scaled lift and drag curves behaviour
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Figure 5.13: Example of Fluke temperature image

Gap [mm] Copper track [°] Pad [°]

Start End Start End

10 23 27 20.9 21.3

12 21.6 23 20.7 20.9

14 21.8 21.6 21.4 20.7

16 22.1 21.8 21.2 21.4

18 22 22.1 21.5 21.2

20 21.7 22 22.2 21.5

22 21.8 21.7 21.6 22.2

24 21.4 21.8 21.9 21.6

26 20.6 21.4 20.8 21.9

Table 5.1: Copper track and pad temperature during quasi-static experiment

47



Chapter 6

Dynamic analysis

6.1 Dynamic measurement system

Figure 6.1a and �gure 6.1b show the dynamic measurement system used to
evaluate the dynamic behaviour of the levitation system:

� micrometric linear stage (1), as in the quasi-static experiment, is
used to impose the initial airgap zp between the copper rim and the
PM array;

� Halbach array (2);

� sprung and unsprung masses (3 and 7 respectively);

� secondary suspension (4) that connects sprung and unsprung mass:
in this experiment it is used a voice coil that can be tuned to introduce
damping in the system (in section 6.4 can be found the decription and
the motivation of the use of a voice coil as a damper);

� spung-unsprung mass spring with sti�ness ks (6) which also connects
the sprung and unsprung masses: in this experiment they are two-
layers of curved leaf spring to prevent relative rotation and longitudinal
displacement between the capsule and the bogie;

� stator-unsprung mass spring with sti�ness kus (5), made as the pre-
viuos spring, that connects the unsprung mass to the microlinear stage
used as a stator.

Figure 6.1b represents the classic quarter-car model whose vertical dynamics
is described by equations 6.1 and 6.2.

z̈p =
Flift
mp

+
cs
mp

(żs − żp) +
ks
mp

zs −
ks + kus
mp

zp − g (6.1)

z̈s = − cs
ms

(żs − żp)−
ks
ms

(zs − zp)− g (6.2)
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(a) Dynamic measurement system: 3D representation

(b) Dynamic measurement system: 2D
representation

Figure 6.1: Dynamic measurement system
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The lift force is described throught the equivalent linear model while zp and
zs are respectively the unsprung and sprung displacements. These relations
can be arranged in a state-space representation as shown in Appendix A.

6.2 Fitting analysis

Following the multiple branches approach described in section 1.3.1 and using
the lift and drag data obtained from the quasi-static experiment corrected
by the interference matrix described in section 2.3.2, the �tting analysis was
performed for di�erent number of branches Nb by minimizing the l2-norm of
the force error using Matlab®.
Figure 6.2 compares the experimetal data (continous lines) and the lumped-
parameter model data (dots): with a single branch, the lumped-parameter
model cannot reproduce the behaviour of experimental levitation system,
while with a number of branches equal to 2 or 3 better results and match
can be obtained.
The �t error can be quantify and plot with respect to the number of

branches: as expected, the �t error with a single branch is very high while
it decreases with a number of branches equal to 2 and 3 (�gure 6.3).
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(a) Nb = 1

(b) Nb = 2

(c) Nb = 3

Figure 6.2: Experimental data vs lumped-parameter model
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Figure 6.3: Fit error vs number of branches

Feature Unit Nb = 1 Nb = 2 Nb = 3

Fit error N 113,92 83.34 82.67
Branch resistance Ω R1 = 59.8232 R1 = 54.6679 R1 = 60.8940

R2 = 389.3719 R2 = 217.1044
R3 = 1.498e3

Branch inductance H L1= 0.0617 L1= 0.0879 L1= 0.1155
L2 = 0.1115 L2 = 0.1349

L3 = 1.0992e−6

Table 6.1: Fit error, resistance and inductance with the di�erent number of
branches

The above results can be summarized in table 6.1 with also the respec-
tively value of resistances R and inductances L of each branch. The �t
error di�erence between two and three branches is negligible, so Nb = 2 is a
suitable choice.

6.3 Root locus

Considering a number of branches equal to 2 and the respectively value of
resistances and inductances, di�erent root loci at increasing v and di�erent
values of cs are produced to tune the suspension damping and to �nd the
optimal damping: the optimal damping is the value of damping that max-
imizes the horizontal distance between the poles and the imaginary axis.
Figure 6.4a shows the root locus without damping: in the zoom (�gure 6.4b)
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(a) Root locus without damping (b) Zoom

Figure 6.4: Root locus without damping

is highlighted the velocity beyond which the instability is reached: that is an
angular velocity equal to 141 rpm which corresponds a linear velocity equal
to 6.92 m/s.
Figure 6.5 shows a color map with di�erent root loci: the addition of damp-
ing pushes all the mechanical poles to the left side of the complex plane
(�gure 6.6 shows the root locus obtained with optimal damping): with these
data the optimal suspension damping copt is equal to 367.3 Ns/m (�gure 6.7)
and the damping ratio ζ can also be calculated as:

ζ = cos(arctan(
Im(s)

Re(s)
)) (6.3)

6.4 Voice coil

6.4.1 General overview

The voice coil as damper was chosen for its high precision and �exibility in
control: in fact, the behaviour of classic viscous dampers depends on the
characteristics of the material of which they are made and the environment
in which they have to work: for example, an increase in temperature due to
heat dissipation could change their action, causing damage to the system.
Voice coil is an electromagnetic linear actuator composed by a coil sur-
rounded by magnets (�gure 6.8): this two elements can move relative to
each other so that the solenoid is subject to Lorentz force.
The voice coil can be modelled with a mechanical and electrical domain

that depends on each other with the following relations:

F (t) = Kmi(t) (6.4)

e(t) = L
di(t)

dt
+Ri(t) +Kmv(t) (6.5)
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Figure 6.5: Root locus as a function of the suspension damping

Km is the force constant that takes into account the magnetic �eld ~B and
the coil geometry through its average radius r and number of windings N :
the formula, in fact, is: Km = 2πBrN .
Equation 6.5 is the Kirchho� voltage law that relates the relative velocity
v(t) between the magnets and the coil with the voltage e(t) and the current
i(t) that �ows through the solenoid, corrected by the same Km and parasitic
inductance L and resistance R. The term Kmv(t) represents the back EMF
of the circuit (eV C in �gure 6.8).
The voice coil choosen for the experimental test bench is VM108-2P30-1000
by GeeplusTM(datasheet on Ref. [39]) (�gure 6.9) whose main characteristic
are reported in table 6.2.

Feature Expression Value Unit

Resistance R 1.3 Ω
Inductance L N.A. H

Force constant Km 25 N
A

Maximum output current Imax 7.7 A
Peak force Fmax 230 N
Total mass MTOT 8 kg
Coil mass mc 0.75 kg

Table 6.2: Voice coil GeeplusTMparameters
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Figure 6.6: Root locus with optimal damping

6.4.2 Voice coil characterization

Intrinsic damping characterization

Since the voice coil GeeplusTMmoving part is made by solid aluminum, when
it moves, it generates eddy currents damping effect: this means that the
voice coil itself has an intrisic damping c that must be characterized in order
to performed an accurate control of the system.
In order to evaluate it, an open circuit test was performed; �rst of all, the
back electromagnetic force behaviour was measured through an oscilloscope
during the free fall phase of the mover (�gure 6.10a): focusing only on the
phase where descent velocity could be considered constant, the back EMF
was �ltered (the red curve in �gure 6.10b) and then changed sign to facilitate
analysis (�gure 6.10c). Subsequently, since it is an open circuit test, there
is no current �ow in the voice coil: by eliminating the current term in the
equation 6.5, the descent velocity can be derived as v = BackEMF

Km
and its

trend can be plot (�gure 6.10d).
Considering the second Newton's law during the fall phase of the voice coil,
equation 6.6 can be written, from which the damping value and its trend can
be extrapolated (equation 6.7 and �gure 6.10e). So, the intrinsic damping
value of the voice coil c is equal to 207 Ns/m.

mv̇ = mg − cv (6.6)

c =
mg −mv̇

v
(6.7)
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Figure 6.7: Optimal suspension damping and damping ratio

R and L characterization

Even if the datasheet provides a value of resistance, it was noticed that the
resistance and inductance, when the voice coil moves, change their values
depending on the relative position between the coil and the magnets. Al-
though it is a very di�cult task, an attempt has been made to characterise
these values more speci�cally.
To estimate R and L, the voice coil was energized with constant voltage steps
and held in its fully retracted position (�gure 6.11). The test was performed
with 6 di�erent voltage amplitude steps. Performing the �tting using the RL
equation on the experimental data andMatlab®, R and L were estimated.
The equation used during the �tting is the following:

I(t) = I · (1− e−
R
L
t) (6.8)

The results are summarized in table 6.3: it is quite evident how the values
of R and L vary. Moreover, as the graph in the �gure 6.12 shows, there is a
small discrepancy between the curve obtained by the �tting and the one of
the measured data due to non linear magnetic phenomena.
If control strategies requires a single value of R and L, they could be

calculated with an arithmetic mean of the reported values, although it would
introduce an approximation error; therefore the mean value of R and L will
be respectively 1,43 Ω and 11,1 mH.
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Figure 6.8: Voice coil schematic representation

Figure 6.9:
Voice coil
GeeplusTM

Voltage Current [A] R/L Resistance [Ω] Inductance [mH]

0.59 V 0.409 190.1 1.46 7.7
1.25 0.904 147.6 1.38 9.3
2.03 1.403 120.9 1.45 11.9
2.86 1.945 120.4 1.47 12.2
3.67 2.537 120.5 1.45 11.9
4.52 3.187 106.2 1.42 13.4

Table 6.3: Voice coil �tting parameters

6.5 Control strategies

In the following sections, two possible control strategies are illustrated. They
are based on two di�erent estimators of the velocity of the voice coil, that is
one of the key to control and stabilise the system.

6.5.1 RL estimator circuit

The �rst control strategy uses the RL circuit of the voice coil (�gure 6.8)
to estimate the velocity. In section 6.4.1 was already analyse the RL circuit
through equation 6.5 from which it is possible to extrapolated the velocity
as following:

v(t) = (e(t)− Ldi(t)
dt
−Ri(t)) 1

Km
(6.9)

In Matlab®and in Simulink®it is possible to build two di�erent blocks
that represent the voice voil circuit and the RL estimator circuit. From the
�rst one (�gure 6.13) it is possible to extrapolate the value of current and
force of the voice coil: the voice coil current is sent to the RL estimator
(�gure 6.14) whose output is the estimated voice coil velocity; the force is,
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(a) Back electromagnetic force trend (b) Back electromagnetic zoom

(c) Back electromagnetic force after sign
change

(d) Voice coil velocity

(e) Voice coil damping

Figure 6.10: Voice coil intrinsic damping characterization
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Figure 6.11: Voice coil fully rectracted position

Figure 6.12: 0 - 4.52 Voltage step curves example
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Figure 6.13: Simulink®Voice coil circuit

Figure 6.14: Simulink®RL circuit estimator

instead, sent to a third block that represents a MultibodyTMof the voice coil
that simulates the real behaviour of the damper and from which the real
voice coil velocity is extrapolated (�gure 6.15).
If we analyse �gure 6.13 and �gure 6.14 it is possible to see that in the voice
coil circuit there are two lookUp tables: they simulate the variation of the
resistance and of the inductance as a function of the position of the mover of
the voice coil with respect to the stator. The RL circuit, instead, requires a
single value of resistance and inductance: they are set as described in section
6.4.2. In addition, in the MultibodyTM, it is possible to set a mechanical
disturbance on the voice coil through a Chirp signal.

In order to see the accuracy of the RL estimator, two simulations are
performed.
In the �rst one, a voice coil disturbance is set at almost 10 second but it is
not considered noise on the current that, for example, can a�ect a physical
measurement. In �gure 6.16 are represented the voice coil real velocity (de-
rived from the MultibodyTM, blue line) and the RL estimated one (orange
line): even if the disturbance is followed by the estimator and the magni-
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Figure 6.15: MultibodyTMvoice coil

tude is estimated quite well, there is discrepancy in the phase that is well
represented in the Bode in �gure 6.17: the phase di�erence increases with
the frequency reaching 2° of shift.
In the second simulation, in addition to the disturbance, is also taken into
account the current noise. Figure 6.18 and �gure 6.19 show the results: with
respect to the previous case, the magnitude estimation gets worse and also
the phase shift is increased reaching peaks of almost -11° and 8°.

6.5.2 Kalman Filter estimator

Since good results were not achieved with the RL estimator, a new one based
on the Kalman Filter was implemented. The Kalman �lter algorithm com-
bines the information from the predictions and measurements to provide the
best possible estimate of the new states [40]: based on Gaussian probability
density functions, it corrects the states using two covariance matrices, Q and
R; matrix Q takes into account the noise on the states, while matrix R takes
into account the noise on the measurements, given, for example, by sensors.
For our system, we have to write the mechanical (equation 6.10) and the
electrical domain equations (equation 6.5).

mẍ = −cẋ−mg +Kmi (6.10)
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Figure 6.16: MultibodyTMvelocity and RL estimated velocity without noise

Figure 6.17: Magnitude and phase Bode of RL estimator without noise
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Figure 6.18: MultibodyTMvelocity and RL estimated velocity with noise

Figure 6.19: Magnitude and phase Bode of RL estimated velocity with noise
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Figure 6.20: Simulink®Kalman Filter

Rewritten in state space representation, they become:[
ẍ
di
dt

]
=

[
− c
m

Km
m

−Km
L −R

L

] [
ẋ
i

]
+

[
−1 0
0 1

L

] [
g
e(t)

]
(6.11)

ẋKF = Ax+BuKF (6.12)

[
ẍ
i

]
=

[
− c
m

Km
m

0 1

] [
ẋ
i

]
+

[
−1 0
0 0

] [
g
e(t)

]
(6.13)

yKF = Cx+DuKF (6.14)

Using Matlab®, matrices A, B, C, D are discretized and inserted in
the Kalman Filter block in Simulink®with uKF and yKF (�gure 6.20) from
which the estimated voice coil velocity and current are extrapolated. This
block requires also the Q and R matrices that, through a trial and error
procedure, are set as follows:

Q =

[
0.1 0
0 0.001

]
(6.15)

R =

[
0.001 0

0 0.001

]
(6.16)

As before, the current and the force are obtained from the voice coil circuit
and the latter is sent to the MultibodyTMcircuit. Even in this case, two
simulations are performed. In the �rst simulation, are taken into account
the RL variation and a voice coil disturbance without noise on the current
and on the acceleration. The results are represented in �gure 6.21 and �gure
6.22: especially from the Bode diagram, there is a clear improvement in
results compare to the RL estimator both for the magnitude and the phase,
even if the Kalman �lter is not able to follow the impulse force, since it is
not a gaussian disturbance.
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Figure 6.21: MultibodyTMvelocity and KF estimated velocity without noise

Figure 6.22: Magnitude and phase Bode of KF estimator without noise
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Figure 6.23: MultibodyTMvelocity and KF estimated velocity with noise

In the second simulation, it is added noise to the current and acceleration
measurements. Also in this case, better results can be achieved (�gure 6.23
and �gure 6.24).

6.5.3 Comparison between RL and KF estimator

The inacurate RL estimation of the velocity is due to the uncertainty on the
values of resistance and inductance: in fact, since the estimator needs only
a value of resistance and inductance, they were put equal to the mean value
calculated as in section 6.4.2. However, this leads to the introduction of
an error in the estimation as the two quantities actually vary depending on
the position of the mover with respect to the stator. Furthermore, the shift
phase is very dangerous for the control strategy, because it means that the
controller would lag behind the change in the system it is supposed to control
(in this case the speed of the voice coil) leading to even more unexpected
behaviour. The Kalman �lter use improves the results because it is able to
compensate the uncertainty of the resistance and inductance, except when
an impulse force is applied.
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Figure 6.24: Magnitude and phase Bode of KF estimator with noise
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Chapter 7

Conclusions and further studies

Two very important aspects for the feasibility of the project Hyperloop
Transportation Technologies were illustrated in this thesis: a quasi-static
analysis using a test bench was performed and a dynamic analysis.
In order to better analyse the experimental results, load cells, aluminum
disk and copper rim were characterized. For the �rst ones, was modelled the
interference between the measurements in the two directions and computed
numerically the interference matrix used to correct the results.
Regarding the aluminum rotor and the copper rim, was noticed that they
are not planary: the �rst one has a peak of 0.5 mm while the second one has
more irregular surface with peaks of -0.5 to 0.3 mm.
Furthermore, the procedure to create the 90° Halbach array needed for the
experiment was explained and the related sources of non idealities were illus-
trated such as pad inclination with respect to the copper rim, eddy currents,
no negligible edge e�ects, air gap uncertainty due to pad vibrations, copper
rim not recti�ed and aluminum rotor not balanced.
One of the main chapter focuses on the quasi-static experiment: it was per-
formed at ωref equal to 400 rpm and with 9 di�erent airgaps. The behaviour
of the lift and drag forces were extrapolated. The lift force increases with the
speed and its magnitude increases with smaller gaps; the drag force, instead,
increases up to the electromagnetic pole which is around 163 rpm and then
decreases. Furthermore, the lift to drag ratio was computed: it increases
with the speed, but it has not a constant behaviour for all the airgaps (for
higher airgaps we have found higher ratio values); in addition, using COM-
SOL simulations scaled factor equal to 4 was derived and consenquently,
the scaled Fl and Fd are proportional to the scale factor

2 while the velocity
is proportional to the scale factor.
The last chapter concentrates on the dynamic part: the �tting analysis was
performed on the experiment data obtained in quasi-static conditions follow-
ing the multiple branches approach. The number of branches that minimizes
the error between the experimental data and the lumped-parameter model
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is equal to 2. The root locus, instead, showed a velocity instability equal to
6.92 m/s without damping, while a value of optimal damping equal to 367
Ns/m.
Then, the use of a voice coil as a damper was justi�ed and an attempt
was made to characterise its most important quantities such as resistance,
inductance, and intrinsic damping, which do not remain linear during its
operation time. In fact, we have seen that this device has a moving part
made by aluminum so, when it moves, it generates eddy currents: after a
few steps, an intrinsic damping value was found equal to 207 Ns/m. The
resistance and inductance values were, instead, extrapolated when the voice
coil was energized with di�erent voltage steps and held in its fully retracted
position: a single value was calculated with an arithmetic mean.
Finally, two possible control solutions were implemented: the goal is to es-
timate accurately the voice coil velocity. The �rst one uses a RL estimator
based on the RL circuit equation of the voice coil: this technique introduces
a shift phase between the real and the estimated velocity that cannot be
neglected because it would led to a dangerous behaviour of the controller.
The second solution, instead, uses a Kalman Filter estimator: with this tech-
nique better results can be achieve both for the magnitude (except when an
impulse force is applied since it is not a gaussian disturbance) and the phase.
Future studies could focus on analysing di�erent con�gurations of Halbach
arrays and see if they could achieve better results in terms of lift and drag
curves. Furthermore, di�erent control strategies could be implemented to
reach more e�cient controls.
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Appendix A

2 DOF state-space

representation for stability

analysis

x =
{
id,1 iq,1 ... id,Nb iq,Nb żp zp żs zs

}T
(A.1)

A =

[
Ael Aep
Ape Am

]
(A.2)

Ael =


−ωp,1 ω 0 ... 0 0
−ω −ωp,1 0 ... 0 0
...

...
...

. . .
...

...
0 0 0 ... −ωp,Nb ω
0 0 0 ... −ω −ωp,Nb

 (A.3)

Aep =



Λ0
γL1

e
−zp,0
γ 0 0 0

0 ω Λ0
γL1

e
−zp,0
γ 0 0

...
...

...
...

Λ0
γLNb

e
−zp,0
γ 0 0 0

0 ω Λ0
γLNb

e
−zp,0
γ 0 0


(A.4)

Ape =


−2Λ0
γmp

e
−zp,0
γ 0 ... −2Λ0

γmp
e

−zp,0
γ 0

0 0 ... 0 0
0 0 ... 0 0
0 0 ... 0 0

 (A.5)
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Am =


− cs
mp

−ks+kus
mp

cs
mp

ks
mp

1 0 0 0
cs
ms

ks
ms

− cs
ms

− ks
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0 0 1 0

 (A.6)
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