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Dynamical Analysis and Control of Longitudinal
Electromagnetic Levitation

Remzi Artar

Abstract

Electromagnetic levitation is a unique technique both for measurements of the
thermophysical properties of metals and for producing homogeneous melt in mate-
rial processing. To maintain stability of the levitated sample is one of the most
notable difficulties observed in this technique. The longitudinal levitator developed
by Bayazitoglu and Shampine overcomes most of the drawbacks that are inherent in
currently used levitator and can support more massive samples than those that can be
supported by existing devices. On the other hand, the undesired sample oscillations
have been experienced unless the sample is released very near its equilibrium position
as levitation is begun. To approach this problem, a dynamical model of the process
is needed. This study addresses dynamical analysis and control of the longitudinal
electromagnetic levitation. The levitation force is analytically derived considering the
effect of the sample’s motion. Based on the dynamical analysis, a nonlinear dynam-
ical model of the process is derived. Using the numerical solution of the dynamical
model, the influences of the system parameters on the dynamical behavior of the
sample are illustrated. To achieve stable levitation the derived dynamical model has
been linearized and implementing a linear control technique, the sample’s undesired
oscillations have been succesfully eliminated at very begining of the levitation.
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Chapter 1

Introduction

As one of the emerging megatechnologies, advanced materials technology requires
completely understood fundamental theories in order to meet the new demands and
new standards arising in the first decade of the twenty-first century. To improve
our theoretical and experimental capabilities to analyze the fundamental structure of
metals, their thermophysical properties must be accuretely and precisely measured.
Electromagnetic levitation is a unique technique, which provides very accurate results
for these measurements, eliminating the interaction between metal sample and the
container. The technique is also used to produce a very pure and homogeneous melt

in materials processing.

1.1 Electromagnetic Levitation

Electromagnetic levitation is a well-known technique of containerless processing. When
a electrically conducting sample is placed in an alternating magnetic filed, the induced
eddy currents generate firstly a levitation force, which can support the sample against
gravity, and secondly a resistive heating, which can melt it.

Electromagnetic levitation systems consist of three parts: A High Voltage DC
Power Supply, an Oscillator Circuit, and a Levitator.
1) High Voltage DC Power Supply: It amplifies and rectifies the line voltage to supply
a high DC voltage to the oscillator circuit.
2) Oscillator Circuit: This unit converts the high DC voltage to radio frequency power



(RF Power), which is applied to the levitator.
3) Levitator: It generates an alternating magnetic field using the RF power.

The alternating magnetic field creates two major effects on the sample: heating
and levitation force.
Heating: The alternating magnetic field excites eddy currents to flow within a sample
placed in the field. The eddy currents cause heating due to the resistivity of the metal
sample.
Levitation Force: The eddy currents also generate a force called Lorentz Force,
which can support the sample against gravity. The design of the levitator affects

both the amount of the heat generated and the magnitude of the levitation force.

1.2 Applications

Electromagnetic levitation is commonly used to produce a very pure and homogeneous
melt in materials processing. In recent years, the melting technique, a well-known ap-
plication of material processing, has become very important in improving the quality
of metal and in developing new alloys. In the conventional melting method, contam-
ination usually takes place between the molten metal and the crucible. The use of
electromagnetic levitation is considered to be one of the most appropriate methods
for this problem [1, 13, 27].

Aside from its advantages in the melting process, electromagnetic levitation also
has been found to be useful in the determination of the thermophysical properties
of metals [1, 2, 6, 8, 26, 33]. The measurements of the thermophysical properties
of solids and liquids at high temperatures are always influenced by their contain-
ers. Electromagnetic levitation technique eliminates the interaction between metal

samples and the container and provides very accurate results for these measurements.



Thermophysical property measurements by electromagnetic levitation technique
include surface tension measurements [5, 12, 28, 34] liquid metal density measure-
ments [8, 31], optical property measurements|21, 22|, liquid metal viscosity measure-

ments [8], and electrical conductivity measurements [29)].

1.3 Motivation

Since Okress et al. [11] demonstrated the levitation technique in 1952, different
aspects of this technique have been analyzed. Most of the literature on levitation has
been concerned with calculations of the forces on a conducting body [15, 24, 33];and
experimental studies[11, 15, 24].

Rony [30] calculated the force on a conducting sphere when it is placed in a uni-
form z-directed alternating magnetic field. Fromm and Jehn [15] studied the forces
on the metal samples when they were placed in the field produced by circular current
carrying loops and compared the results with experimental data. Li [23] analyzed the
electromagnetic and thermal phenomena in a magnetically-levitated metallic sphere.
Several papers [11, 24, 33] gave detailed reports on levitation experiments with dif-
ferent metals using various coils.

The most notable difficulty observed in this technique is maintaining stability of
the levitated sample inside the levitator, as reported in [2, 8, 25]. However, most
of the methods developed to measure thermophysical properties by using levitation
technique require stable levitation as a condition [2, 8, 25, 28]. For instance, in high
temperature density measurements of metals, maintenance of sample stability is of
primary importance, since an accurate measurement largely depends on the quality
of the photographs taken during the process. Unexpected vibration and oscillations

of the sample have to be avoided in order to obtain clear and symmetrical profiles.



Okress {11] made the first quantitative calculations on the levitation force and
gave an approximate formula for the levitation force exerted on a homogeneous metal
sphere in the electromagnetic field produced by a single loop or two equal coaxial
loops. However, he indicated the necessity of investigating the magnetic field distri-
bution for stable leviation of molten as well as solid metals.

Baykara et al [8|reviewed containerless thermophysical property measurements
and reported that violent rotation, vibration and other uncontrollable instabilities
can cause problems during the high temperature density measurements process.

Przyborowski et al [28] studied the surface tension measurement of molten silicon
by using electromagnetic levitation, but he also reported that the sample instability
was the one of the main sources of temperature measurement errors.

Krishnan [21] studied shape oscillations observed in electromagneticaly levitated
liquid metal droplets in order to determine the surface tension of the metal at high
temperatures. Although his results were in reasonable agreement with the works of
others, considering the sustained oscillations which could not be easily explained with
currently available models, he indicated the necessity of analytical and numerical work
to model the interaction of electromagnetic fields with regard to oscillations effects.

Recently, Bayazitoglu and Shampine [3] introduced a longitudinal levitator which
has some unique advantages, such as good visual access to the sample, the ability
to support more than one sample, and the ability to minimize the tendency of the
sample to rotate and vibrate. On the other hand, the authors reported that the
sample must be released at its equilibrium position as levitation is begun, otherwise
substantial sample vibrations are experienced. In brief, the chief diffuculty with the
electromagnetic levitation is to obtain a stable motion of the sample.

Several approaches have been proposed for stable levitation in the literature

[9, 14, 17, 25, 37). Bocian and Young [14] considered solid-state stability of a lev-



itating sample by using a circuit equivalent model of the excitation coil in conical
levitator, and studied the possibilities for vertical stability in terms of levitation force
predicted from electromagnetic theory. Holmes [17] studied the levitation force on
metal samples in conical levitators and derived a criterion for stability of the sample
based on the coil geometry. However, neither of these works considered the effect of
the sample’s motion in the calculations.

In [9], an experimental apparatus was suggested to allow stable levitation of a
melted paramagnetic body applying combination of static magnetic and electromag-
netic forces. Unfortunately, the technique was applicable only for the levitation of a
paramagnetic conducting material (iron-silicon alloy).

A few researchers have attempted to solve the stability problem using a closed
loop control strategy. Yoda et al. [37] designed a device (U.S. Patent 5155651)with
a position sensor to control the rotation of the sample for conical levitators. The
levitator had a position detector for detecting the position of a sample. The detector
also controled the output voltage of the variable power, which connects to a pair of
planar electrodes.

In addition, Minegawa et al. [25] applied a closed loop control technique to elimi-
nate the oscillations at the transition from normal gravity to microgravity in a conical
levitator. They used three pairs of search coils and two CCD cameras to measure
the position of the levitated sample. Using these data and applying curve fitting
analysis, they obtained an approximate model of the motion of the sample. Based on
this model, they designed a PID (proportional, integral, and differential) control law
to control the electromagnetic power for a stable levitation.

Although these several strategies have been proposed for stable levitation in con-
ical levitators, no one has attempted to analyze the instability problem for the lon-

gitudinal levitator. Since Bayazitoglu and Shampine [3] introduced the longitudinal



levitator in 1996, different aspects of this levitator have been analyzed. Shampine
and Bayazitoglu [32, 33] were concerned with the calculations of the lifting force on a
cylindrical sample and conducted some expmerimental studies. He also explained the
vertical stability conditions in the longitudinal levitator assuming stable levitation.
Nonetheless he did not study the effect of initial position of the sample on the vertical
stability through a dynamical model of the levitated sample. This effect is analyzed
in this work for the first time and the results are given in Chapter 4.

Bayazitoglu and Zhong [38, 39] further examined the concept by developing gen-
eral analytical expressions for the lifting force and the heat generation in cylindrical
samples supported by n-pole longitudinal levitators. They also studied the deter-
mination of transient temperature, which is of fundamental importance in material
processing. But they found that the initial position (if not the equilibrium) of the
sample excited substantial sample vibrations, which caused considerable differences
between the theoretical and experimental results of the transient temperature mea-
surements.

Recently, Bayazitoglu and Young (7] studied 2-pole longitudinal levitator for use
in containerless manufacturing. They reported the vertical oscillations of the sample
as the practical obstacles for the longitudinal levitation process.

These drawbacks of the longitudinal levitation process imply a need for the dy-
namical model of the levitated sample, both to explain the dynamics of the reported
sample’s oscillations and to design an appropriate control strategy for a stable levita-
tion. In addition, considering its remarkable superiority (mentioned above), stability
achieved through dynamical modeling might enable longitudinal levitation to become
a containerless manufacturing process.

In response to these requirements, described above, this study derived a dynamical

model of the levitated metal sample in longitudinal levitator. The study analyzed the



solid-state phase, considering the effect of the sample’s motion inside the levitator.

The main objectives and contributions of this work can be summarized as follows:

e This work describes for the first time the dynamical model of the levitated

sample in the longitudinal levitator.

e One of the main contributions of this work was to characterize the levitation
force considering the effect of the sample’s motion. This characterization in-
cluded an analytical derivation of the damping component of the levitation force
for the first time. Previous works (mentioned above) derived the levitation force

assuming the sample is stationary in the levitator.

e This study’s analysis showed that the sample’s motion in the levitator produces
a non-linear damping effect, which is a function of the system parameters such as

the coil current, current frequency, coil configuration and the sample’s diameter.

e To provide a framework for further investigation of the levitation process, the
influences of the system parameters on both the lifting and damping components

of the levitation force were separately analyzed.

e The results of the dynamical analysis were succesfully utilized to create a nu-
merical simulation model in MATLAB to produce the position, the velocity and

the lifting force trajectories for the first time.

e Several simulations were performed to illustrate the effect of the initial position,
damping force, coil current, and coil configuration on the sample’s dynamic
behavior. The simulation results not only verify the earlier observations but

also depict the dynamics of the sample’s reported substantial oscillations.



e Implementing two feedback control techniques, the PD based and the pole-
placement, a stable levitation was achieved eliminating the sample oscillations

at very beginning of the levitation.

The drawbacks of the currently used levitators and the superiority of the longitu-
dinal levitators are discussed in Chapter 2. The components of the electromagnetic
field in the longitudinal levitator are obtained by using the fundamental laws of elec-
tromagnetic theory.

In Chapter 3, the Lorentz Force Field is characterized considering the motion
of the sample in the vertical plane. This characterization includes an analytical
derivation of the damping component of the levitation force. The influences of the
system parameters such as the coil current, current frequency, coil configuration and
the sample’s diameter on both the lifting and damping components of the levitation
force are analyzed.

In Chapter 4, to depict the dynamics of the levitated sample and to verify the
earlier observations of the substantial sample’s oscillations, the dynamical model of
the sample is derived considering both the lifting and damping components of the
levitation force. The derived model is transformed into state-space form. Using a
numerical integration method, the position, the velocity and the lifting force trajec-
tories are produced. In addition, to achieve stable levitation two feedback control
techniques, the PD based and the pole-placement, are implemented and the effective-
ness of these techniques are verified with several simulations.

Chapter 5 presents the conclusions.



Chapter 2

Electromagnetic Field Analysis

2.1 Longitudinal Electromagnetic Levitator

The currently used levitators, illustrated in Figure 1, suffer from several drawbacks
inherent in their designs as mentioned in (3, 32].

-Limited Sample Shapes: The coils and the sample pose a degree of axisymme-
try about the coil axis, which restricts the kinds of samples that can be levitated.
Therefore, samples with large aspect ratios such as cylinders cannot be levitated in
currently available levitators.

-Poor Visual Access: When these levitators are used as diagnostic instruments
to measure the thermophysical properties, they suffer from the problem of sample
visibility. The coil design obtructs the view of the sample and makes data collection
difficult.

-Magnetic Hole: In the currently used levitators, the magnetic pressure on the
sample surface vanishes at the top and bottom points. The molten metal is pre-
vented from leaking out of the ‘magnetic hole’ at the lowest point by surface tension.
Therefore there is an upper limit on the mass that can be levitated and melted without
'leakage’ in this kind of levitator [14]

-Position Control of the Sample: Existing levitators are essentially static devices,
that is, they allow very little manipulation of the sample.

-Poor Lifting Capacity: Currently used levitators cannot support large samples.
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These drawbacks imply a need for a device that can be used to levitate large
samples and control them during the levitation process. Recently, Bayazitoglu and
Shampine [3] introduced the longitudinal levitators that alleviate most of the problems

suffered by the currently used levitators.

Figure 2.1: The Conical Levitator [10]

The longitudinal levitator introduced by Bayazitoglu and Shampine overcomes
most of the above drawbacks [3, 32, 33]. It consists of a set of parallel conductors that
are formed by bending copper tubing, with neighboring conductors passing current in
opposite directions. The coils are made with 6.3 mm and 4.7 mm in diameter copper

tubing, through which cooling water is passed. The cooling water is provided to
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prevent the coils from overheating due to high current they carry. Figure 2 illustrates
an 8-poles longitudinal levitator.

Longitudinal levitator is able to exceed the lifting capacity of the conventional
levitators by increasing the volume of the sample without increasing its weight. The
volume increase is made possible by increasing the length and the width of the sample.
The longitudinal levitator is capable of supporting spherical and non-spherical sample
shapes, such as cylinders and rectangular blocks, and has very good visual access to
the sample. In addition, it can support comparatively large sample weight while
avoiding excessive heating rates, thus overcoming the problem of the 'magnetic hole’
(3]

Because of these advantages, the longitudinal levitator has potential for becoming
a ‘containerless’ manufacturing process. Bayazitoglu and Shampine built and tested
different configurations of the longitudinal levitators with cross sections as shown in
Figure 2.3. Considering its remarkable superiority, this study addresses the dynamical

analysis and control of the longitudinal levitation process.
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Figure 2.2: The Longitudinal Levitator developed by Bayazitoglu and
Shampine [4]
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e\
1.3cem
1.2¢cm
3) 4 pole b) 6 pole c) 8 pole

Figure 2.3: Different configurations of longitudinal levitator. Levitators
are reflection symmetric in y-direction and the coordinator
center is located in the vertical direction (reproduced from

B3)

2.2 Field Analysis

To characterize the levitation force on the sample we need to study the electromag-
netic field in the levitator. Shampine and Bayazitoglu [32] analyzed the electromag-
netic field of a longitidunal levitator, producing the magnetic flux density and the
electric intensity vectors, which will be used in this study. To derive these quantities,
a similar procedure given in [32] is followed. The analysis procedes by consideration
of a homogeneous cylindrical body with constant permittivity ¢, permeability p, and
conductivity o, surrounded by a nonconducting medium characterized by the free-
space permittivity ¢,, and permeability y,. The fundemantal laws of electromagnetic
theory, which apply both to the body and the surrounding medium, are given by

Maxwell’s equations:
JB

—_67’ (21)

VxE=
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VxB=uJ+ e%?), (2.2)
V.B =0, (2.3)
J =0E. (2.4)

where J is the current density, B is the magnetic flux density, and E is the electric

intensity. In order to solve these equations, it is useful to define a vector potential,

A such that,
V x A =B, (2.5)
V. A=0, (2.6)
0A
E= 5 (2.7)

where it is assumed that V.V = 0. Substituting A from Equation (2.5), and E from
Equation (2.7), and J from Equation (2.4) into Equation (2.2) yields

A FA
V x (V X A) = —[td’E - ﬂCEtT (28)

The Laplacian of A obeys the vector identity given by
VA =V(VA) -V x (V x A) (2.9)

From the definition of A, V.A = 0; hence, Equation (2.9) can be written as

0A %A
ViA - opy —Hemg =0 (2.10)
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If we assume that the time dependence is sinusoidal, A can be written in the form
of phasor notation as
A = At (2.11)

Then the conversion of the time derivative to phasor notation is

9% ¢ juwA (212)

Hence, the governing equation is obtained as in [32]
V2A —opjwA + pew?A =0 (2.13)

There are two types of boundary conditions in the system. One of them is the
distance, 6, called the skin depth of the medium, which characterizes how well an
electromagnetic wave can penetrate into a conducting medium. It is given by the
formula [32],

5= (5 o) (214)
where f is the frequency. The skin depth is also defined as the depth below the
surface of a conductor at which the current density or magnetic field has decreased
to 1/e at the surface.

The other boundary condition is related to the surface current, which flows on
two dielectric media. The tangential component of the magnetic flux density has a

discontinuity equal to [32]

i X (AByan) = uds (2.15)
where 7i is the unit vector normal.
2.2.1 The Components of the Electromagnetic Field

Let the X axis be horizontal and let the origin of polar coordinates be the center of

the cross-section of the cylinder. Figure 2.1 shows the coordinate system [39]. Where
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a is the sample radius and c,, and w are the positions of the coils and the sample,
respectively, b,, is the distance between the center of the cylinder and the coil. Since
the frequency of the coil current is very high, the electric current flow is distributed

essentially on the surface of the coil by the skin effect.

Figure 2.4: The Coordinate System (reproduced from [39])

We suppose that the whole space is divided into three regions, as suggested by
Piggott [24]
1) The inside of the cylinder, r < a
2) The annular space, a <t <b
3)r>b

In region 1, only conduction current flows, and Equation (2.13) becomes

19,0A, 18°A

rorgr) t g ~moA=0 (219)
A suitable solution is
A=Y Codu(kir)e™ (2.17)
—00

where k; = \/—jwpeo. In region 2, a < r < b, Equation (2.13) becomes
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19, 94, 184 _

In this case, a suitable solution is
w .
A=Y (Dur™ — E,r ™)™ (2.19)
-0

In region 3, there is an additional condition that the field vectors must remain

finite at infinity; thus there is no positive of r

00 0
A=Y Firme™ + 3 Gurie™ (2:20)
1 —00

Applying the second boundary condition (Equation (2.15)) at r = @ and r = by,

and also adding in the contributions of the p current filaments, C, can be obtained

as given by [39]

%«1 p g a"“) I.

C _ - m= —cm_w nim 2.21

" lin_l(kla) ( )
n a™-1 -

.. = BV T e (2.22)

kl J,._l(kla)
where I, is the coil current of the mth coil pole and the * superscript indicates the

conjugate of a complex variable. Finally, the components of the magnetic flux density

can be derived similar to Shampine [32]

B,=Re[ } (%)Can(klr)ej"’e"“"] (2.23)
By = Re[~ky Y Culu(krr)e™e™!] (2.24)

and the amplitude of the z component of electric intensity is
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2 [+ ]
E,:Re[—(:—la) Y Codulkir)e™e] (2.25)
0

n=—co
where J,(k;r) is the derivative of J,(k,r) with respect to k,r. As n becomes very
large, the series in Equation (2.23), (2.24), and (2.25) are convergent for all physically
possible values of the position of the sample. The details of the derivation can be
found in 32, 33, 39].

Having derived these equations, we can start to analyze the levitation force, which

will be used in the dynamical analysis.
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Chapter 3

Force Analysis

3.1 Lorentz Force Field

If a metallic specimen moves along the vertical axis, Equation (2.1)(Faraday’s law)
should be reconsidered and one more term should be added to the right side of the

equation. Let us write the Faraday’s law for a moving medium [35],

VxE=—Vx(?a—?)+Vx(va) (3.1)

where E is the total electric intensity, and v is the velocity vector of the sample.

Grouping the terms gives
Vx(E+(%A)-(va))=o (3.2)

and finally,
E=—%té+va—vv (3.3)

where V is the electric potential. Since there is no imposed current in the metallic
specimen, the term VV is zero. Therefore, considering Equation (2.7), the current

density for a moving medium is
J=0(E+E) (3.4)
where E' is the velocity dependent electric intensity, which is given by

E'=vxB (3-5)



20

The net Lorentz force on the cylinder sample is the integral of the cross product of
the current density and the magnetic flux density. In calculating the total levitation
force, it is convenient to use complex coordinates, where a point in the Cartesian

plane is represented by z + jy. Thus, the total levitation force per unit length is
27 ra
F = Re /0 /o J x Brdrdf (3.6)
Substituting Equation (3.4) into Equation (3.6)
27 ra 21 ra
— !
F =Re /0 /0 oE x Brdrdd + Re /0 /0 oE' x Brdrdd (3.7)

Let the first and the second term of the equation be the levitation and the damping

component of the levitation force, respectively. Thus,
2T ra
F, = Re / / oE x Brdrdd (3.8)
o Jo

and
Fi=Re / * / * o(v x B) x Brdrdd (3.9)
0 0

The reason Fj is called the damping component of the levitation force will be
explained later.
3.2 Lifting Force Analysis
3.2.1 Lifting Force

Equation (3.8) represents the lifting component of the levitation force as it was men-

tioned above. Rewriting Re(B) as (B + B*) as suggested in [39] yields the following,
Fi=2Re[ ["oExBrdrdd+iRe [ [*oEx B*
1=3 e[) /oa x Brdr +§ e/o /oa x B*rdrdf (3.10)

by defining
T _ l 27 ra
FT = 5Re /o /o oE x Brdrdd (3.11)



21

1 21T ra
A_ 2 »
Ff = Re /0 /o oE x B*rdrdf (3.12)

We are interested in F{!, which is the time averaged lifting force. Because both E
and B have a time term ¢**, the time averaged of F7 is zero.
Expanding B in the cylindrical coordinates, we can determine the time averaged
lifting force:
A 1 2% ra
Ff = > Re / /0 0Ek x (Be, + Bjeg)rdrdf (3.13)
0
Defining F/A* as the horizontal force in x-direction, and F;* as the vertical force or

the lifting force in y-direction,

1 27T ra
Ar __ el . - *
F** = >Re /0 /0 o E(B:sind + B;cosf)rdrdd (3.14)
1 2T ra
Ay _ * -  R*os
F = SRe /O /0 oE(Btcosb — B, sinb)rdrdd (3.15)

By substituting the electromagnetic levitation field Equations (2.23),(2.24), and (2.25)

into the equations above and using Bessel Function’s iterative formula, we can obtain

k
pe=TBL 5 QG (Chas = Cio) +BCiCun = Co] (316)
k
R = LB L S QGG + G = KO Cun + Con] (317)
0
where
Q, = /0 Y Ja(kyr) Ju(kir)rdr (3.18)
Defining a complex force,
F=F* +iF™ (3.19)

and using the results of Equation (3.16) and(3.17), we can write the complex force

1l'|k1

F= ZQ,. [k1Ca(Cryr — KICa(Cnni] (3.20)
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which can also be written as

7l’|k1|2 X

k= 2t —k Z(Qn —1Qn+1)Chn Cat1 (3.21)

Finally, by using the integral formulation for the Bessel functions, we can obtain
the time averaged lifting force per unit length as the following, which is the imaginary
part of the force formula given by Shampine and Bayazitoglu [32]

Fy=1Im {

DPHE (P Ry o)

47ra n=1l m=1 Cm — m=1

Details can be found in Appendix A.

3.2.2 Lifting Force Simulation Results

Using Equation (3.22), it is possible to determine the position of the levitated sample
and analyze the lifting capacity of the longitudinal levitator. Equation (3.22) also
shows that the lifting force depends on the geometry of the levitator, the coil current,
and the current frequency, and the sample’s radius and conductivity. In order to
analyze the effects of these parameters on the lifting force, a MATLAB code was
written for a six-poles asymetric longitudinal levitator (shown in Figure 2.3.b), which
is the best trade-off among the other configurations in terms of lifting capacity and
the horizontal stability. In this analysis, the coil current is 568 A at a frequency of 292
kHz, which is the value of the actual apparatus at Rice University. The parameters
of the sample are given below.

The material of the sample: Aluminum

The diameter of the sample: 10 mm.

The length of the sample: 10 mm.

The density of aluminum: 2700 kg/m3

The electric conductivity of the sample: 3.57x107 Siemens/m

Vertical lifting force versus vertical position along the centerline of the levitator is
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shown in Figure 3.1. The negative part of the curve has no positive effect on the
lifting force because it is in the same direction as gravity. The positive part of the
curve is the actual levitation region. In this region if the levitated sample is influenced
by a small disturbance in the vertical direction, it will eventually be restored to the
original levitation position by the change in the lifting force magnitude, whether the
disturbance is upward or downward. Detailed dynamical analysis of this behaviour
will be discussed in the next chapter.

The coil current effect on the lifting force is illustrated in Figure 3.2. At a given
frequency, the lifting force depends on the square of the coil current. When the other
system parameters such as frequency, coil geometry, and sample radius are fixed,
the coil current will determine the levitation position and the lifting capacity of the
levitator. In Figure 3.2, the equilibrium points shows the levitation positions of the
sample for two different values of the current.

The influence of the diameter of the sample on the lifting force is illustrated in
Figure 3.3. From the figure, it can be seen that the lifting force increases as the
sample diameter increases.

At low frequencies, the lifting force is proportional to the square root of the
frequency. This relationship is shown in Figure 3.4. On the other hand, the lifting
force reaches an asymptotic value at high frequency as illustrated in Figure 3.5. Thus,
the lifting force becomes independent of the current frequency at sufficiently high
frequencies.

At relatively low frequencies, the electrical conductivity of the sample can signif-
icantly affect the lifting force. Figure 3.6 shows that the lifting force acting on the
sample of copper and aluminum at 5 kHz. From the figure, it can also be seen that

the lifting force increases as the electrical conductivity increases. On the other hand,
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the effect of the electrical conductivity becomes relatively weak at higher frequencies.
Figure 3.7 illustrates the lifting force acting on the same samples at 300kHz.

The influence of the coil configuration is illustrated in Figure 3.8. In the figure,
coil 1 is the original levitator, and coil 2 is the modified levitator, which its two poles
in the middle were approached 1.2 cm to each other. As can be seen from the figure,
the modified levitator produces less lifting force and shrinks the levitation range. The
coil configuration can dramatically change the dynamical behaviour of the levitated
sample. This effect will be analyzed in chapter 4.
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3.3 Damping Force Analysis
3.3.1 Damping Force

Shampine [32, 33] reported that horizontal stability was excellent inside of the lon-
gitudinal levitator. Because of the longitudinal levitator’s vertical symmetry about
its centerline, the substantial oscillations of the sample can only be observed in the
vertical direction as long as the sample is located along the centerline of the levitator.
Therefore, we focus the vertical motion of the sample in this analysis.

The time averaged damping force per unit length, F4, can be defined as
Fa=ire [ [ B) x B*rd
a=3 e/o /0 o(v x B) x B*rdrdf (3.23)

Defining v = v,j as the velocity vector of the sample and B = B,i + B,j as the
magnetic flux density in Cartesian coordinates, v x B term in Equation (3.23) can

be written as
v x B = v,j x (Bzi + Bj) (3.24)

where the Cartesian components of B are

B; = B,cosf — Bysin

B, = B,sinf + Bycosl (3.25)
substituting Equation (3.25) into Equation(3.24)
v X B = v,(Bgsinf — B,cosf)k (3.26)

Using the above result and expanding B* in the Cartesian coordinates, Equation

(3.23) can be rewritten as

Fa=TtRe [ o i "(Bysind — B,cosf)k x (Bii+ Blj)rdrdd  (3.27)
2 o Jo T * v
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where B; and B are the complex conjugates of B; and By which are given in Equation

(3.25). Therefore, the vertical component of the damping force becomes

anvy 2 a . . . -
Fiyy=Z2Re / / (Bysind — B,cosb)(B'cosd — B} sind)rdrdd (3.28)
2 o Jo
and after some algebra
2r ra
Fy = g%’lRe /0 /0 (BrBgjcosOsin@ + By B; cosOsinf)rdrdf (3.29)

Defining I, and I as the first and second terms of the integral in Equation (3.29)

2w
I, = Re /0 /0 ® B, Bjcossindrdrdd (3.30)

and

2 a
L = Re /0 " /0 By B cosOsinfrdrdf (3.31)

Equation (3.29) can be rewritten as

ov
de = Ty(ll + Iz) (332)

Solution of I;

Substituting the electromagnetic field equations (2.23)(2.24) into Equation (3.30)
2 [o ] [o ) . A i
I, =Re / i / Y S (B)Cudulkir)e (—k3)Cr T (kyr) €™ cosBsindrdrdd
0 0 pn=—com=—oc0 T
(3.33)

Rearranging the terms leads,

Li=Relky Y Y CiCoPOT.nm (3.34)

n=-—00 Mm=-—00



where P{!) is

PY =n /o * Tk (ko) dr

and T, ,

2T .
Tam = /0 "™ 00505infdo

Using Euler’s formula, Equation (3.36) can be rewritten as
27
Tom = /0 (cos(n — m)Bcosfsinb + isin(n — m)fcosOsind)d
and rearranging the terms leads,
Tom = ([ 0sin20d0 +i [ si 85in20d0
nm = -2-(/0 cos(n — m)Bsin +z/o sin(n — m)0sin20d0)
The result of the first integral is zero, thus
| .
Tam = 3t /0 sin(n — m)B0sin26d0

The solution of the above integral is

5 ifn—m=+2

0 ifln—m|#2

Finally, T, » can be written as
T
Tn,m = 7(611,11—2 - 6n,n+2)

where ¢ is the unit impulse function.

From the recursion formula of Bessel function

J,'n(klr)‘ = Jm_l(klr)‘ - Jm(kl'l‘)'l

_m
(kyr)*

and substituting Equation (3.41) into Equation(3.35) we can obtain

35

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)
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PY =n /0 * Ja(ktr) Iy (kar) dr — B / n(klr)Jm(klr)"i_" (3.42)

Finally, substituting Equation (3.40) into Equation(3.33), I; can be written as

Re[k‘ z C ( nn—2 C‘+2Pl,n+2)] (343)

n=-—oo

Solution of I,

Substituting the electromagnetic field equations (2.23)(2.24) into Equation (3.31)

Ig—-Re/ / —k; Z Z C J'(klr)e"'o( )C‘ Jm(k17)* e ™ cosOsindrdrdd

n=-—00 m=—00

(3.44)
Rearranging the terms leads,
[o 2]
I, = Re[-k, Y Z CaC(—3)) PO T, ) (3.45)
n=-00 m=-—00
where P{) is
P® =m /0 " T (kyr) Jm(kyr)*dr (3.46)
From the recursion formula of Bessel function
T (kyr) = Jnor (k) — mme dom(kar) (3.47)
n\R1T) = Jn-1{K1 (ko) m\fk1T .
and substituting Equation (3.44) into Equation(3.43) we can write
(2) _ a . _ —ri a d—r
P@ =m /0 Jna(kur) Ik dr — /0 T (k) Jom (k) (3.48)
Thus, Equation(3.41) can be written as
m — * 2
= Re[—'kl'2' Z C ( n-2 n-2 Cn+2P ,n+2)] (3'49)

n=-—o0
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Finally, substituting I; and I, into Equation (3.46) and Equation (3.40) into
Equation (3.32), the vertical component of the damping force can be obtained as

ov, . .
Fgy = yR [kl 2 Z Ca (Cn—2 n,n-2 - Cr P, r},n+2)

n=-—oo

"kl" Z Ca(CraPi a2~ CriaPiny2)] (3.50)

n——oo
3.3.2 Damping Force Simulation Results

Using Equation (3.50), we obtained the relationship of the damping force and the
position and the velocity of the sample. In order to analyze the influences of the
system parameters on the damping force, we defined a velocity independent damping

function, D, as

D= - -R [k 2 C (C:;-zpln—z Cri2Pan+2)
Y n——oo
- k1 E Ca(Cr_zPin_2 = CryaPi o)) (3-51)

and analysed the effects of the coil geometry, the coil current, current frequency, and
the sample’s diameter and electrical conductivity on the damping function. In this
analysis, the system parameters are the same as those that have been used in Chapter
3.2.2.

Figure 3.9 shows the damping function versus vertical position along the center-
line of the 6-poles asymmetric levitator (shown in Fig 2.3b.). The diameter of the
aluminum sample is 1.6 cm. As it is seen from the figure, the damping function is
negative along the vertical axis, and the absolute value of D is greater at the positions
where the sample is close to the coils.

The damping force depends on the square of the coil current. Figure 3.10 illus-
trates the effect of the coil current on the damping function. As it is seen from the

figure, the damping effect is almost lost for small values of the coil current.
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The influence of the sample diameter on the damping function is illustrated in
Fig 3.11. It can be seen that the damping force increases as the sample diameter
increases.

The influence of the coil frequency on the damping force is different than its
influence on the lifting force. As shown in Figure 3.12, the damping effect decreases
as the frequency increases. The same behaviour is observed at high frequencies as
shown in Figure 3.13 If the sign of the damping function is negative along the vertical
axis, the direction of the damping force will be always opposite to the direction of
the velocity of the sample during the levitation. This is why F}; is named as damping
component of the levitation force.

From Equation (3.50), it can be seen that the magnitude of the damping force
depends on the magnitude of the velocity, the position of the sample, the coil current,
the coil geometry and the electric conductivity of the sample.

Figure 3.14 shows the influence of the velocity and the position of the sample on
the damping force when the other parameters are fixed. As shown, the damping force
is stronger in the region where the sample is close to the poles at the bottom and the
top of the levitator. On the other hand, the direction of the damping force changes
as the direction of the velocity vector changes.

The change in the coil configuration can dramatically change the damping force.
Figure 3.15 illustrates the damping force when the two poles in the middle of the

levitator are approached 1.2 cm to each other.
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Chapter 4

Dynamical Analysis and Control

In this chapter, using the results of the lifting and damping force analysis, we obtained
a dynamical model of the levitated sample’s motion. In order to analyze the sample’s
open loop dynamical behaviour, and the effects of the system parameters on the
sample’s motion, the model was transformed into the state-space form. Using the
Runge-Kutta algorithm, the position and the velocity trajectories were obtained. To
achieve stable levitation, two feedback control techniques, the PD based and the pole-
placement, were implemented and several simulations were performed to evaluate the

controllers’ performances.

4.1 State-space form

Considering both the lifting and the damping components of the levitation force,
which were derived in the previous chapter, and assuming that the levitated sample
stays in solid state, a force balance analysis in the vertical plane yields the following

equation of the motion for a given sample
mij = Fy(y, In) + D(y, In)§ — mg (4.1)

where m is the mass of the sample, y is distance from the center of the levitator axes
in the vertical plane, and g is the gravitational constant. One should notice that
both Fj, and D are the function of the square of the coil current, and the position
of the sample. Substituting Fj, and D from equation (3.22) and equation (3.51) into

equation (4.1), the equation of the motion becomes
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poI

my =

"}{Z( )"'H}R :il(:la;]}

n—l m=1 Cm —

L * 7r ®
—R [kl2 Z C (Cn—2 nn-2 Cn+2Pv},n+2) - klE Z Cn(Cn—ZPrf,n—2

n=-00 n=—0o0

- C;+2Pn,n+2)]y —mg (42)

To analyze the dynamics of the system, a numerical integration method should be
used. When the state variables ; = y, o = dy/dt are introduced, the state-space

model of the system becomes

T = I
kia)
T — n+1 R n+l( 1
? n—l m=1 Cm — ) I Jn-1(k1 )]}
- - 71'
-Re[kl2 —Z C (Cn—2 n,n-2 Cn+2Pr:,n+2 2 _z C ( nn—2
= Cr 2P n12)lz2 — mg)/m (4.3)

The Runge-Kutta algorithm in MATLAB has been used to perform the integration.

4.2 Dynamical Model Simulation Results

Several simulations were performed in order to determine qualitatively the behavior
of the sample levitated by the longitudinal levitator. The system parameters are same
as those that have been used in the previous chapter.

Because the force balance is provided only at the equilibrium points, the sample
will oscillate unless it is not accurately released at its equilibrium position before
the levitation starts. Figure 4.1 illustrates the effect of the initial position on the
sample’s dynamic behaviour. In the figure, Az represents the difference betweeen
the initial and the equilibrium positions, which is -20.7 mm for the selected sample.

The two diagrams in the figure show the trajectory of the position and the velocity of
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the sample, respectively. Even a very small deviation from the equlibrium can cause
substantial oscillations of the sample as shown in the figure. This result was also
experimentally found in [38, 39].

According to Equation (3.50), the magnitude of the damping force is relatively
small when compared with the lifting force. Figure 4.2 illustrates the effect of the
damping force on the sample’s motion for the time interval of 15 seconds. It can be
concluded that there is a very light damping in the system.

Figure 4.3 illustrates the influence of the coil current on both the lifting force and
the sample’s dynamics. The first and the second diagrams show the trajectory of the
position and the velocity of the sample, respectively, and the third diagrams displays
the lifting force during the time interval of 0.5 seconds. As it has been discussed in
Chapter 3, both the lifting and damping force are proportional to the square of the coil
current. On the other hand, only the lifting force has significant effect on the sample’s
dynamics as it was discussed above. When the coil current is increased by 1.5 times,
the lifting force increases 2.25 times according to Equation (3.22). Therefore,the
change in the lifting force will dramatically change the oscillation pattern of the
sample as can be seen in Figure 4.3.

As it has previously been discussed in the lifting force analysis, the coil configura-
tion can significantly affect the sample’s dynamics. Figure 4.4 shows the influence of
the coil configuration on the sample’s motion. In the figure, coil 1 and coil 2 represent

the original and the modified levitators, which have been described in Chapter 3.3.2.

4.3 Feedback Control

The main control task is to achieve stable levitation eliminating the sample’s unde-

sired oscillations. Assuming that the system variables such as the position and the
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velocity of the sample are available for feedback, and the current can be changed in

the system, two control techniques were implemented to achieve a stable levitation.

4.3.1 PD-based control

Most of the feedback algorithm used in current control systems are implementation of
a proportional plus derivative (PD) control. The advantages of using a PD controller

are the following:

e Very simple to implement.
e No need to have a system model.
o Suitable for real-time control since it has very few computations.

e The behavior of the system can be controlled by changing the feedback gains.

However, it should be noted that PD control cannot guarantee stability when applied
to nonlinear systems.

In this analysis, an effort is made to utilize the developed system dynamic equa-
tions in deriving a PD-based control law. The dynamic equation of the levitated

sample derived in the previous section are written in the form
mij = Fy(y,u) + D(y,u)y — mg (4.4)

where u is the applied coil current. Using a PD-based control strategy, u can be

written in the form as

u= Kp(yd - y) — Kay + uq (4.5)

where K, and K, are the proportional and derivative feedback gains, yq4 is the desired
levitation position of the sample, and u, is the value of the coil current, which provides

the desired levitation position for the sample. Because the levitation position of the
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sample depends only on the coil current when the other system parameters are fixed,
the selection of y,4 provides the value of u, by using equation (3.22).

The proportional and the derivative feedback gains were selected as K, = K; =
1000 by trial and error for y4 = —20.7mm. Figure 4.5 shows the state trajectory
and the control history. As it is seen from the figure, the sample’s oscillations are
eliminated within 0.4 seconds.

To evaluate the controller’s performance for different levitation positions, several
simulations were performed. Figure 4.6 shows the state and the control trajectories
for y; = —18mm and y4 = —15mm. As can be seen, the selected feedback gains could
not provide the same performance for these positions. This result implies a need to

improve the control performance for different levitation positions.

4.3.2 Linear Control Design

In this section, first the equation of the motion is linearized about the designed
equilibrium. Then the pole-placement approach is applied to design a linear controller
that achieves stable levitation.
Linearization Linearization is a very important approach to the control design of
nonlinear systems. Since the equations of the motion are analytic and time-invariant,
in some small region in the vicinity of an equilibrium, the behaviour of the system
can be approximated with a linear model. In addition, computing the eigenvalues
of the linear model it is possible to indicate the stability of the equilibrium points
(18, 36].

Assuming that we control the lifting force by varying the current such that the
sample is stable corresponding to an equilibrium z = z., and £ = 0. Defining the

deviation from the equilibrium as
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]
p] z

and the dynamics of the deviation of the sample from the equilibrium is given by

q2

[ Ey(QIv ) + D(Qla )q2 —mg J (4'7)
m

where Fiy(q1, I,), and D(q,, I;,) are the expressions of the lifting and the damping
force in terms of q. Equation (4.7) can be approximated to first order with linear

differential system
q= A(Qeq)q (4.8)

where A(qe,) is the Jacobian matrix

0¢, 04
A(geq) = [ a‘h g% } = [AO Al ] (4.9)
3% 3-% a Az |,
where
uoI a a™*tl(n + 1)
Ay = n .
i Vara E{,E‘cm o5 o+ i@ + )7
nan(—"') a )n—H} n+l (kla) }
[em — é(q1 + Teg)]™*! "l + 31 + Teg) Jn-1(Kra)
and
* * Tr t 3
Azz = R {k Z C (Cn—2 n,n-2 -C +2P ,n+2 2 Z C (C"—2 nn-2 "
n——oo n=-—oo
Cn+2P n,n+2) }q2
In the analysis, the equilibrium point was chosen as z.; = —20.7mm. Thus, the

Jacobian matrix becomes

a=| 0 1 (4.10)
39467 —0.0182
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The eigenvalues of the system are A = —0.0091 + 62.83:. Therefore, it can be
expected that the equilibrium to be a stable focus with a frequency of approximetely
62.83 rad/sec or a period of 0.1 second. The oscillation period agrees well with the
results obtained in the previous section. Figure 4.7 illustrates the state-space trajec-
tories for the non-linear model in equation (4.3) with the following initial conditions.
1.C.:z, = -22mm,z, = 0 and [, = 568 A, 800 A, and 1000 A. (The initial condi-
tion of the sample in the levitator is illustrated in Figure 4.8)

Linear control design with Pole Placement The control task is to design a
controller lifting force F'(q) such that the equilibrium is asymptotically stable.

The equation of the motion in terms of state variable q was given in equation
(4.7). If the sample is at an equilibrium (if q = 0), then the required lifting force F,

to maintain it at the equilibrium is, from equation (4.7),
Feg =mg (4.11)
Note that when perturbed from the equilibrium,
Q= Qeq +0q =4dq (4.12)

since qeq = 0. Similarly,

F=F,+6F (4.13)

Noting that g, = 0, it follows that

0Q = A(Qeq)0q + B(geq)0F + H.O.T. (4.14)
where
0
B(ge,) = [ 1 ] (4.15)
m

and H.O.T. signifies higher order terms. Assuming that H.O.T. are small, the input,
dF, could be designed based on the linear model [16],

6q = A(Qeg)dq + B(qeg)dF (4.16)
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In pole placement technique, the controller is designed as a linear function of
the state variables such that the poles of the corresponding closed loop system have

prescribed values. Since the controllability matrix
M=[B AB|] (4.17)
is full rank, it follows that the control law
oF = -Kdéq (4.18)

will ensure that the system matrix, [A — BK], assumes those prescribed eigenvalues
[19]. The choice of the closed loop poles was determined from the desire to have a step
response with a settling time < 0.2 sec and the damping ratio of about 0.9. Therefore,
the closed loop poles are located at p, o = —40 £ 20i. We used MATLAB function
'place.m’ to compute the feedback gains for an equilibrium of z., = —20.7mm. The

gain matrix, K, was computed as
K= -10512 0431 ] (4.19)

One should notice that the value of the controller lifting force can be always converted
to the corresponding controller current by equation (3.22). Figure 4.9 illustrates
the state trajectory and the control history for a simulation with initial condition
z(0) = —22mm, £(0) = 0. As can be seen, the sample oscillations could be succesfully
eliminated within 0.15 sec.

It should be pointed out that the linearization and the computation of the gain
matrix should be repeated for a different levitation position since the pole placement
technique promises stability only for the neighborhood of the designed equilibrium.
Figure 4.10 illustrates the state and control trajectories for the simulations with

desired levitation position ., = —18mm, and z.; = —15mm. The gain matrices for
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these levitation positions were calculated as

K-8 = [-12525 0431
K15 = [-14.392 0432 ]

In addition, as it can be seen in Figure 4.10 the corresponding current values are
also reasonable for the levitation process. Based on these results, it can be concluded
that the pole-placement technique can be effectively used for the stabilization of the

longitudinal levitation process.

4.4 Summary

The understanding of the dynamical behaviour of the levitated sample is of great
significance when dealing with stable levitation. In this chapter, combining both
the lifting and the damping component of the levitation force, a complete dynamical
model of the sample has been developed in vertical direction. The experimental
results show the validity of the calculations for the levitation force.

Several simulations were performed to determine the influences of the initial con-
dition, coil current, coil configuration, and the damping force on the sample’s motion.
The effect of the damping force on the sample’s dynamics was found relatively small
but not eligible when it is compared with the lifting force.

Based on the dynamical model, two control design technique were proposed to
achieve stable levitation. Applying a PD based control law, the sample oscillations
could be elimanated within 0.4 sec for y4 = —20.7mm. However, the control parame-
ters, which were selected by trial and error, could not provide the same performance
for different levitation positions.

To improve the overall performance of the control system, the pole-placement, a

linear control design technique, has been succesfully implemented and the effectivness
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of this tecnique has been verified with several simulations. Assuming that the system
variables are available for feedback, it is concluded that the pole-placement technique
can be effectively used to achieve stable levitation.

The results of this analysis may provide a framework for further investigations of

the sample’s stability and control in the longitudinal levitator.



velocity [mmvs]

1 1 1 1 1 L L L 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5
time [s)

Figure 4.1: The effect of the initial position on the sample’s dynamics
behaviour.

96



position [mm]

velocity [mm/s]

57

-16 T T
T -
=20 § I RAME ALY 1k R AR AARAY (AR (1 I
; j
-22 e Al L 'y
24F .............................. .
-26 L i
0 5 10 15

Figure 4.2: The effect of the damping force.

15



58

-10 T T T T T T T T )
: - -1=568A
T — =850 A
5_15_ ........................................................ N e T g —4
c X
2 Z & : - -
§_20_ //‘\\~ ..... /,\\\_1/’\\\~/,/ \\\—NI/ ....... \\j
-25 1 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
400 T T T T T T T T T
- N
E
E
£
3
]

Lifting Force [N]
©
o

o
o ©
G =

o

0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
time {s]

Figure 4.3: The effect of the coil current on the sample’s dynamics.



59

position [mm]

velocity [mm/s)

o
a

Lifting Force [N]
o
®

o
Q
o
-

0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45

time [s}

Figure 4.4: The influence of the coil configuration on the sample’s mo-
tion.

0.5



60

-19 T T T T T T T
[0 O OO ST URUNLUUUN SUURUON SOV _
c :
.9 .
% Il R A e o IR e e e -
g :
_22 | 1 1 l i 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
100 T T T T T T T
@ : :
e :
EX® :
Py :
3 o :
S :
_50 1 1 1 l 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
650 T T T T T T T
T 600 :
c .
g 550 |
=3 .
°© 500 ;
450 | Ji [ l L ] L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
time (s}

Figure 4.5: PD-based control for y4= -20.7mm.



61

L N L ] LA L 1
_ oF------- - / e 0 ] : —, 18mm
E 1 ,../..t .................... .\.\....: ............ T EETREPETPTEPPE __yd -15mm L
?_10_ ..... A N ‘_ ...... ............ ........... e .
o ~
= ,/ A 27 N e o~
8.-15-/ ‘\,, ............ ,\—’/ ............ \\"4
/ T O -
=0p 7 1 ) i ] i L ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
1000 T T T T T T T
)
IS
E
£
8
2
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
2500 T T T T T T T

current [A]

0.05 0.1 0.16 0.2 0.25 0.3
time (s]

Figure 4.6: PD-based control for the larger values of the levitation posi-

tion.



x, [sec]

-0.1

-0.2

o4 i i i
-0.025 -0.02 -0.015 -0.01
x, [m]

-0.005 0

Figure 4.7: The phase trajectories for the different coil currents.

62



s

Figure 4.8: Initial condition of the sample in the levitator.

63



64

-20.5 T T T T T T T
E I T Ry R Rt SR TR ............................................... -
c :
-,9= :
BBV D R LR R -
a8 : :
_22 1 1 1 l 1 1 l
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04
30 T T T T T T T
- : : :
E 20 . :
£ : :
g z :
S : :
2 O i :
_1 0 1 1 1 41 1 1 L
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04
600 T T T T T T T
g 550 .................................................................. _ .......... -
ETe Y < o S . .
g 500 :
3 :
o A50F - /e e .......... 4
400 i i [ ; ;
0.15 0.2 0.25 03 0.35 04
time {s}

Figure 4.9: Pole placement control for z.,= -20.7mm.



65

T T T T —T T T
: - - — x_=-15mm H
'§_16_ ........... ................................................................ _ = ]
E : xeq 18 mm
5-18' ...;....’...._.__._...._....-.._._._._._;. ——— e ]
= P : :
73 : : :
{ 20 -, .)..’...; ............ P S R R RS -
4 X :
-22 4 L 1 1 1 1 1 1

velocity [mm/s]

L
8

:

0.2 0.25 03 0.35

g

current {A]

§

g

T T T T T T T
<4 -
) — wm e e - - - e — = = = = - — I e
1 L 1 L 1

0.2
time [s}

Figure 4.10: Pole placement control for the larger values of the levitation

position.



66

Chapter 5

Conclusions

Containerless processing is important both for measurements of the thermophysical
properties of metals and for producing very pure and homogeneous melt in material
processing. However, it has been difficult to maintain the stability of the levitated
sample inside the levitator.

Recently, Bayazitoglu and Shampine developed the longitudinal electromagnetic
levitator, which has some unique advantages such as the ability to provide a strong
levitation force and to minimize the tendency of the sample to rotate and vibrate. But,
they also found that the sample must be initially released very near at its equilibrium
or subtantial sample vibrations will be experienced.

Previous studies done in the longitudinal levitator have concluded that the oscil-
lations of the sample constitute the major practical problem in applying this process
accurately. If one had a dynamical model, it would become possible to design a
feedback control for the stability of the sample.

The main contribution of this thesis is to present a dynamical model of the levi-
tated sample to address this need. The dynamical effect of the sample’s motion was
considered for the first time to characterize the levitation force acting on the sample.
Based on this analysis, the damping component of the levitation force was analyt-
ically derived. It was found that the sample’s motion in the levitator produces a
non-linear damping effect, which is a function of the system parameters such as coil

current, current frequency, coil configuration and the diameter of the sample.
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The influences of the system parameters on both the lifting and the damping
components of the levitation force were separately illustrated to provide a framework
for future works. The coil current, which determines the levitation position and the
lifting capacity, had the strongest influence on both the lifting and the damping force.
At low frequencies, the current frequency had a considerable effect on the lifting force.
However, the lifting force reached an asymptotic value at high frequencies.

The lifting force also increased as the electrical conductivity increased at low
frequencies. But, the influence of the electrical conductivity on the lifting force dis-
sappeared at high frequencies. For non-ferromagnetic materials, only the electrical
conductivity depends on temperature. Therefore it can be concluded that the lifting
force is independent of the temperature of the sample at sufficiently high frequencies.

As the results of the dynamical analysis showed, the sample’s motion inside the
levitator was affected by the initial position of the sample, coil currrent and the
coil configuration. Several simulations were performed to illustrate these effects on
the sample’s dynamics. Even a very small deviation from the equilibrium caused
substantial oscillations of the sample as experimentally found in [7, 38]. The result
of the dynamical analysis also showed that the magnitude of the damping force is
relatively small but not eligible when compared with the lifting force.

It was also shown that it is possible to obtain a stable levitation by an appro-
priately designed feedback control strategy. Assuming that all state variables are
available for feedback, two feedback control technique were applied to achieve stable
levitation. In PD based control, the feedback gains were selected by trial and error
for an equilibrium position, and the sample oscillations were eliminated within 0.4
seconds. But the selected gains could not provide the same performance for different

levitation positions.
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To improve the performance of the control system, the pole-placement technique
was implemented. The effectiveness of this technique has been verified with several
simulations for different levitation position. It can be concluded that this technique

can be effectively used for the stabilization of the longitudinal levitation process.

Future Work
As a future work, it is possible to implement the control strategy introduced in this

study in order to build a computer controlled levitation system. A possible configu-

ration could include:
o RF Power Source with adjustable output current by external control signal.
e Personel Computer with control code implemented.

e Data Acquisition (DAQ) Board with analog input and analog output chan-

nels.

e Electro-optical Displacement Transducer with analog output.

Figure 5.1 shows the components and the signal flow of the system. During the levita-
tion process, the position of the sample is measured by an electro-optical displacement
transducer, which is based on the measurement of the intensity of the reflected light
from the target. The tranducer has a light sensor source sending the light to the
moving target sample and a light sensor receiving the light [20]. Typically, infrared
light emitting diodes (LED’s) or photosensitive diodes are used in this transducer.
The velocity of the sample is obtained from the time derivation of the position signal.

Data acquisition board receives the analog position signal and converts it to the
digital signal to be evaluated by the control code. Also, DAQ board sends the control
signal to the RF Power Source. The control signal is produced by the developed
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control strategy, which is basically a software code installed on the computer. In
the system, the computer can also be used to monitor the system variables such
as position, velocity and the current. Finally, RF Power Source produces the high

frequency controller current for the longitudinal levitator.

Control sample’s
RF Output
ke dgnal | RF Power »| Longitndin | Position
Control Software Levitator
DAQ
Board
Feedback loop

T Electro-optical

Transducer d

Figure 5.1: The schematic drawing of the computer controlled longitu-
dinal levitation system
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Appendix A
Lifting Force Derivation

The miscellaneous integral formulas of Bessel Function:

/o i JIm(az)Jp(Bz)zdz =
s 0T (B2) T2 (03) — BIn(02) s (B3] (A1)

where a® — 2 is not equal to zero. Therefore, we can obtain

@ = [ Jalkia)u(kir)rr
= 2ikl[J,.(k;a)J,.,q(lcla) — iJn(k10) Jn 1 (K a)]
= ;:-:[—J (k1) Ta (ki) + idny (K@) Jn(Kr0)] (A.2)

and
Qui1 = %{-Jn(kla)J,.+l(k:a) + idn(k}0) i1 (K10)] (A:3)

as given in [38]. Thus, the lifting force becomes

7l'|k1

F= ZC Crs1In(kia)Jnt1(kra) (A4)

By substituting Equation (2.21) and Equation (2.22) into the equation above and

reaéranging the terms

Fi=mot (3 (" o 3 () TrimRe(FEED] (45)

n=1 m=1
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where J, ;», which is the Fourier series of the surface currents on cylinder r = by, is
given by [24]

~

Inm

— —jnam
nm 21rb,,,e (A.6)
and we know that
b€ ™ =cp — w (A.7)
or
bhemm = (e — w)® (A.8)

Assuming that the sample is located along the centerline of the levitator (z = 0
and w = 1y), the time-averaged lifting force per unit length in the vertical direction

becomes

n+1 Jn+1(kra)
}{2( =) R R (A9

41ra n=1 m=1 Cm — m=1 m

Note that the time averaged lifting force is the imaginary part of the force formula
given in [32, 39).
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