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Abstract

M.L. Thijssen, A 2-dimensional magnetic levitation system

A preliminary study of a two axis mirror system with magnetic bearings is the design of a two
dimensional magnetic levitation system. This system 'consists of four electromagnets and a
steel ball. The magnets can attract the ball in four directions of a two dimensional area. The
reluctance force of the magnets ean be controlled by the eurrent through the coil. Ta levitate
the ball between the magnets an accurate position sensor and current amplifier is necessary.
The position sensor is based on a measurement of the inductance of the coil whieh is dependent
of the ball position. The advantage of this method is that the coil can be used as sensor and
actuator. The realized sensor is accurate and sensitive if the sensing current ean be kept
c~mstant. But the sensor signal is disturbed by saturation effeets of the core, the mutual
inductance between the magnets and noise of the current amplifier.
The realized current amplifier is very accurate. But the large inductive laad (coil) causes
some noise which disturbes the sensor.
It appeared from simulations that this system can be controlled with two control systems: a
feedforward controller or a controller based on exact linearization. These controllers are not
tested in practise because of the sensor problems.
This work has been carried out at the Measurement and Control group of the Department
of Electrical Engineering at the Eindhoven University of Technology in the period December
'95 - August '96.
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Chapter 1

Introduction

Recent developments in preClSIon engineering and robot control demand accurate precision
measurements of distances. To measure a distance laser interferometers can be utilized. By
using a mirror the laser beam is aimed at the object (e.g. a robot arm) .which reflects the
beam with a retro-reflector to the mirror and a position sensor. By controlling the orientation
of the mirror the beam is kept in the middle of the position sensor. Now the position of the
object can be reconstructed from the angles of the mirror and the length of the laserbeam.
To do this accurately the position of these mirrors must be very precisely controlled.

Until recently, the mirrors were levitated and directed by mechanical bearings or by air flow.
These levitation techniques have a major drawback: friction which influences the accuracy in
the case of mechanical bearings and with air flow the problem is the filtering and pressure of
the air. Another drawback is the large amount of supporting hardware in the case of the air
flow levitated mirror. All these drawbacks demand a new levitation technique, that is mag
netic levitation. The main advantage of this type of levitation is no mechaniCal connection
to the mirror at all. The only farces, acting on the mirror, are reluctance forces caused by
electromagnets.

The general concept is to actively levitate a mirror which can be positioned accurately to
control the direction of incoming laser beams. The preferred accuracy of the complete set-up
would be micro-radians for the positioning of the miTror, that is the demand from the laser
beam position. However, the technique of magnetic levitation also has some disadvantages.
A major disadvantage is the heat produced by the current in the copper windings of the
electromagnet. Another problem with magnetic levitation is that the mirror's centre of mass
position should be stabIe to eliminate harmonic distortions. Before the actively magnetic
levitated minor can be built, much research to be done. This is why the project is split
into two sub-projects. before work is done on the levitated mirror. One sub-project is the
active magnetic levitation of an steel balI in a 2-dimensional area (see figure 1.1). The other
sub-project is determination of the accuracy in precise rotation of a disco

The first sub-project consists of the design, realization and control of the 2-dimensiona.1 mag
!letie levitation system. This project is split into two parts, the vertical and the horizonta1.
First the vertical pa.rt wil! be realized, th is is the difficult part hecause the gravitational force
has to he compensated. After this the vertical part wil! be extended with the horizontal part,
which is the same as the vertical pa.rt but without the compensation for the gravity.

4
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Figure 1.1: The 2·dimensional magnetic levit3-tion s\,stem.

The first sub-project has been done by P. Houtkamp (4] and myseli. Anothe: related project
the design, realization and control of a 1-dimensional magnet.ïc levitation system is done by
J. Kop. The 1- and 2-dimensional systern uses the same actuato. ~;t,nu E~rlsor so there is a lot
of similarity between these projects.

This report describes the 2-dimensional magnetic levitation system. In the next chapter
the theoretical background, some realization forms and the chosen design parameters are
discussed for this system. In the following chapter the design and realization of the sensor
and the actuator, the current amplifier, is described. These chapters are written in association
with J. Kop [5]. In the last chapter some simulations of the control system are presented.

A two-dirnensional magnetic levitation system



Chapter 2

Magnetic levitation

In this ehapter we will first deseribe the one-dimensional system to get more insight in mag·
netie leviation. After that some linearization methods with their realisations are compared
and a choice is made for our two-dimensional system.

2.1 A simpIe magnetic levitation system

Let's consider the simple magnetic levitation system [10] [7] [5] shown in fig 2.1, where the
object of control is to keep the steel ball levitated at a specified position against the gravita
tional force. Assume that the steel hall moves only in vertical direetion.

R

i
L(x) .J----t"

Figure 2.1: A simple magnetic levitation system with one electromagnet.

The reluctance force Fr exerted on the ball is given by the well known equation

where,

x the gap length [ml,
L the inductance of the coil [H],
i the current [A].

6
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2.1. A simple magnetic levitation system 7

The inductance of an I-shaped electromagnet is function ofthe gap x (see [5]) which is given
by

L(x) =Loo +-Q
X+x

where,

Loo the leak inductance [HJ,
Q the magnet constant [H m],
X the displacement constant [mlo

(2.2)

These parameters are determined by the physical characteristics of the coil, the core and the
steel balI and must be obtained through experiments.

The dynamic equations of the system are represented by

mx

where,

1 .2 dL !Qi2

mg + 2" ~ dx = mg - -:-(X--=--+---'x)c-::"2

R · d(Li) R' Qi·. (L Q)~
~ +~ = _ ~ - (X + x)2 x + 00 + X + x z

(2.3)

(2.4)

'UL the coil voltage [V],
R the resistance of the coil [nl.

These dynamic equations are nonlinear and can be linearized at an operation point. Other
non-linearities, which are neglected, ofiginate from:

1. the magnetic flux density being subjected to saturation

2. the magnetic field density showing hysteresis, depending on the magnetic material

3. the occurrence of high frequency eddy currents

4. the amount of leakage of the flux depending on the air-gap size

The linearized equations describing the variations from the operation point (xo, i o) are ob
tained by using the linear terms from the first order Taylor series expansion:

!Qi2 Qi2 Qi
.. 20 + ° o.

mx = mg - (X + xaF (X + xo)3 x - (X + xa)2 Z (2.5)

If we want exact gravity cancellation in the working point, that is at position Xo, then the
CII rrent ia has to he

/2m g
ia = Q(X + xo)

A two-dimensional magnetic levitation system

(2.6)



8 2. Magnetic levitation

substituting this inequation (2.5) gives the following linear transfer function:

(2.7)

Now we can see that this system has two poles 81,2 =±i,x~xo· One pole makes this system
unstable so an appropriate controller has to stabilize it. uppose the measurement of the balI
position x is accurately enough and use the current of the system as input, the system can
be controlled with a PD-controller [10].

Because one electromagnet can attraet the balI only and not repel, we ean force the balI in
this example to move in just one direct ion (up). Ir the balI has to move in the opposite
direction, the gravity can be used here but this force can 't be controlled. A controlled force
can he obtained by using another electromagnet in opposite direction. This will be discussed
in the next section.

2.2 Linearization methods

2.2.1 Linear control

Usually, two opposite magnets are used to exert a force on both sides of the balI (see figure
2.2).

Figure 2.2: A magnetic levitation system with two electromagnets

This configuration makes it possible to generate both positive and negative forces. Suppose
both eleetromagnets are identical and let force Fx represent the difference of forces between
the two magnets

= -rng + (X + Xl?

1 Q'2 lQ'2- t - Z
2 2 = -mg + 2 I

(X +Xz? (c- xp (2.8)

A two-dimensional magnetic levitation system



2.2. Linearization methads

with,

1
Xl 2"(d-r)-x[m],

1
X2 = 2(d - r) + X [ml.

1
c = 2(d-r)+X[m],

d distance between the magnets [ml,
r = radius of the balI [m]

9

Linearization of this equation is needed if one wants to use the classical control strategies.
The fiTst-order linearization results in a stationary current io (working point) and a control
current i x and the following relation

.. 2Q i6 2Qio . '.
mx = -mg + -3-x - -2-tx = -mg + J(xx - Kitx

C C

with,

1.1 = i o - ix

1.2 i o + i x

This equation of motion can be written in the frequency dornain as

-mg Ki.
X = 1.

ms2 - K x - ms2 - J(x x

(2.9)

(2.10)

Clearly two parts can be distinguished in the transfer function. A constant part caused by
the gravitational force mg and a variabie part controllabIe with the current i x ' The former is
treated as a disturbance force and can he left out of this transfer function. The second part

has two poles S1,2 = ±/fi and can he used to design a stabilizing PID-controller [3].

There are two possible implementation methods of these first order linearizations shown in
figure 2.3.
The first mpthod shown in figure 2.3(a) is the so-called differential driving mode [7J. In this
case one magnet is driven with the sum of the stationary current ia and the control current
ix , and the other one with the difference (ia - ix ). The result is that two amplifiers are needed
and that offsets or different gains of the amplifiers will result in inaccurate implerr.entation
of the linearization method.

The second method [3J shown in figure 2.3(b), uses a set of differentially wound wils. The
coil of the magnetic actuator is divided in two parts. One part is driven with the stationary
current io, and one part carries the control current ix . By combining stationary current car
rying coil of upper and lower half, and doing the same for the control current carrying coils,
this configuration is obtained. This implementation has two advantages:

• only one amplifier is needed

• the absolute va.lues of the cllrrents in both wils are always identical, thus eliminating a
souree of error

A two-dimensional magnetic levitation system



10 2. Magnetic levitation

i l ix
LI

LI io
io

~ ~
+ A

Lo
L2

(a.) Differential drive method (b) methad of 'Delft'

Figure 2.3: Two linear implementation methods

Both methods have a great disadvantage towards the power consumption in the system. Be
cause of the stationary current, which has to go through both magnets, a lot of heat will
be produced· in the magnets. This problem will be reduced in the third method. Another
disadvantages is that the gravity has to be compensated by the control current.

2.2.2 Non-linear control

A third method shown in figure 2.4 is our own method and will he used in our magnetic
levitation system. But this implementation uses a non-lïnear control strategy.

Figure 2.4: Non-linear implementation method

The upper electromagnet consists of two coils La and Llo All coils have the same number of

A two-dilllensional magnetic levitation system



2.2. Linearization methods 11

(2.12)

turns here. The reluctance force of the upper electromagnet will be

!Q(io + ix )2
F... = (c-x)2 (2.11)

The extra coil Lo on the upper electromagnet will be used to compensate the gravity in a
working point Xo which will be driven by stationary current ia.

~Qig . j2mg(c - xaP
mg = and la::

(C - XO)2 Q

The result of this implementation is that two amplifiers are needed hut it reduces the power
consumption in the system. The only disadvantage is the non-linear control strategy. A
feedforward controller with all the knowledge about the statie behaviour of the system, will
be used here in combination with a feedback controller, see figure 2.5.

...------+lFeedforwardl----,

+
ControDer

Ir

I' + + Ix Nonlinear
plant

x

(2.13)

Figure 2.5: The non-linear control system

For the feedforward controller' we suppose input Xr is constant or low frequent compared
to the dynamics of the process. So without controller and feedback the statie system gives
x = xr . The output current i r of the feedforward controller is used to linearize the system
equations seen from X r to x in the statie situation. Two cases have to he distinguished here,
X r ~ XQ and X r < XQ. In the first case the ball is closer to the upper electromagnet and the
upward force is too large. So the lower coil is needed (i~ > 0) to compensate this. In the
other case X r < Xo, the ball is closer to the lower magnet, the downward force is too small
and the upper cail (i~ < 0) is needed. This results in the following system equation:

lQi2 lQi2

{

-mg + (c:.xro)2 - (c~~rr)2 . if Xr 2:: Xa

Fx = 0 =
mg + }Q(io+ir )2 if X

r
< Xa

- (C-Xr )2

The feedforward current is calculated with

{

( ( !Qi~j2 _ mg) 2(C+Xr)2 if Xr ~ Xa
- c-x" Q

i, = V'7T(c _ X, )' _ io if x, < Xo

The equations of the dyna.mic system are now:
l.Q;2 !Qi2

" {-mg + (c-J:P - (~+x)2 if Xr ~ Xo
mx=

+ !Q(io+i<)2
-mg (c-xF if X r < Xo

A two-dirnensional magnetic levitation system
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12 2. Magnetic levitation

(2.16)

These equations can be linearized aroundthe operating point X r and ir with Xo and ia being
constants, where

x = X r + x',

i x = ir + i'o

i ' is the output of the feedforward controller, see figure 2.5. The linearized equations are:

{

(
Qi2 Qi2 ) I ~'I •

uI (c-x~)3 + (c+:r~)3 x - (c+x;)2 t Jf Xr 2: Xo
mx =

Q io+i r 2 x' + Q io+ir i' . if x < x
c-:rr) (C-Xr r 0

These equations will be used to design a suitable controller in ehapter 5.

2.3 Self-sensing

A new approach in magnetic bearings is self-sensing [9] [6]. Sy self-sensing we mean an active
magnetic bearing (AMB) where the gap sensor is replaced by a simple current measurement
in the amplifiers. The AMB will he described as a two-port, with one mechanical and one
electrical port. Energy transfer takes place in both directians. It can be demonstrated that a
linear controller can be designed which is able to stabilize the AMB by using the coil voltage
of the magnetic bearing as system input and the measured current as output. In this sec
tion we will show why we don't use self-sensing in our magnetic levitation system (see also (6]).

Consider the system in figure 2.2 with the following equation of motion:

IQ'2 IQ'2

mx = F1 - F2 +p(t) = ('2 t
l
)2 + ('2 t

2
)2 + p(t)

c-x c+x

where p(t) represents a disturbing force.
Linearization around the operating point x =0 and ia gives

u 4Q iö 4Qio( . .) () J( r.. (' .) ( )mx = -3-x +-2- tI - t2 +P t = xX + 1\ i 21 - t2 + P t
c c

The equations describing the eoil voltages are:

UI = Lil + Ril +KbX

U2 = Li2 + Ri2 - KbX

with

L = L oo + Q and
c

Kb
Qio
c2

(2.17)

(2.18)

(2.19)

(2.20)

As state variables we may select displacement, velocity and rurrent which leads to the fol
lowing state spare model for self-sensing:

x(t) =

y( t)

Ax(t) +Bu(t) + Dp(t)

Cx(t)

A two-dimensional magnetic levitation system
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2.3. Self-sensing

where,

x(t) ==

A ==

0) iet) == i I - i 2 , u(t) = UI - U2,

(t 1

~) U), (0 )0 B= C==(001), D== l
-"k ' m

-'l{" L 0

13

An analysis of this third order system without disturbance (p( t) = 0) shows that such a
system is observable with the current measurement alone and of course controllabIe with the
voltage input.

1 )-R

2K"f R2
- m + y;r

nonsingular (2.23)

C:= (A AB
(

0 0
A2B) = 0 ~

1 -R
L V

nonsingular (2.24)

The obvious way to control such a system is to implement a (reduced) observer and use state
feedback. This makes the controller somewhat more complex so the controller can be imple
mented in software better than in hardware.

Now we assume that the disturbance is statie, p(t) = Po. The system equations including
disturbance dynamics are

where,

Aaxa(t) +Bau(t)

= Caxa(t)

(2.25)

(2.26)

1
o

-2Kb
L
o

o
K
~

m
-R
L
o

Ca == (0 0 1 0)

It's easy to show that this system is not observable:

(
0 0 1 0

J
0 -y!b -R 0L

(J= -21""K:r 2K R 2K K, R2 -;/{} ----+ singular(2.27)
mL T -~+ y;ï

2/....bK.~R -21../)/.... % + 4J(~~, _ 2KI>r 2K"K,R R3 2K R
mU mL mL L' mL2 -0 ~

This means that an unknown static distllrbance force on the bali displacement cannot be
cancelled. And that's why this method is not used for the 2-dimensional levitation system,
the gravitational force is always present as such disturbance.

A two-dimensioual magnetic levitation system



14 2. Magnetic levitation

(2.28)

The steady position error to a constant disturbance is obtained as

lim x(t) = __1
t-+oo Po J(x

In the steady state, the ball deflects to the direction opposite to the disturhance force as if
the system had a negative statie stiffness.

In the case of a sinusoïdal disturbance it can be proved that the system is observable and
that the effect of such disturbances can therefore be cancelled or reduced.

In chapter 3 we shall describe several sensing methods and design a sensor system based on
the inductance changes of the coil caused by the ball position.

2.4 The realized system

Now we have chosen a method for realizing our levitation system (figure 2.4) we must take care
of a good selection for our free design parameters. It is important that these parameters are
selected so that sufficient reluctance force is achieved with a minimum of power dissipation.
The free parameters of the cails are:

N the number of coil turns []

A the cross sectional area of the coil [m 2]

I = the length of the cail [m]
r the radius ofthe wire ofthe cail [m2

]

These parameters are connected with the system parameters as follows:

Loo ::: o:N 2 cail inductance without balI [H]

Q = ltoJLr,a.ir AN2f3 the magnet cons'tant [H mJ
R = e::r the resistance of the wire [a]

where 0:, {3 are constants determined by experiments. The criteria rnentioned above can now
be rewritten in terms of the system parameters:

1. Q must be maxirnized to obtain a maximum force,

2. Loo must be minimized for minimal power dissipation,

3. R must also he minimized for minima1 power dissipation.

It is very difficult to make a good selection because of the unknown parameters, little experi
ence with parameter selection, so it is hard to ten what system parameter shou1d get priority.
One thing obviously shown here is that increasing the number of turns N will increase the
reluctance force hut aho the power dissipation is enlarged. That is why we have made our
choke on the basis of some experiments with different electromagnets and made the following
choices for the design parameters:

N =
A

1 =
r

1000

6.2.5 . 10-4 rn2

1· 10-2 m

1. 10-3 m 2

A two-dimensionaI magnetic levitatioll system



2.4. The realized system 15

Using these electromagnets we did some experiments to determine the values of our system
parameters, see figure 2.6.

0.101

:r
~

f'07
O.lot

0.105

o 0.1)02 0.004 0.001 0.001 0.01 0.012 0.01. 0.018 0.018 0.02
poalllonx (mi

Figure 2.6: The measurement of the cail parameters

The results where:

Q =
X :::
R :::

1.03.10-1 H

5.75.10-5 Hm

8.75 _10-3 m

3.5 n

Another point of view is the usage of current or voltage control for our control system. We
have decided to choose current control because the force is directly influenced by the current.
This makes the control system easier but makes the design of a current amplifier more difficult,
as we will sec in chapter 4.

A two-dimensional magnetic levitation system



Chapter 3

Sensing the position

In this chapter we describe a method to sense the position of the ball. The ball position
x must be translated to a voltage that is linear to it. First we will mention same options
to measure the position of the levitated object. After that we will explain why we chose to
realize the sensor in the way we did. After that we will explain the principle and the electronic
realization of the sensor in detail.

3.1 Sensor options

In this section we" describe some sensor methads that can be applied to the magnetic levitation
system. All methads take care of contact free sensing.

3.1.1 Optical sensor

An optical sensor uses a simple principle. A Light Emitting Diode (LED) is placed opposite
to a Photo Diode (PD) as shown in figure 3.1. The intensity ofthe light received by the diode

coU

Figure 3.1: The optical sensor

is a measure for the position of the levita.ted bali. We did not use this type of sensor because
in the end we wa.nt to move the bali between four coils and in this drawing up there's no
room for an optical sensor. Furthermore the optical sensor is very sensitive for external light
sources and thlls not very a.ccurate.

16



3.2. Principle of the inductive sensor

3.1.2 Eddy current sensor

17

Eddy current sensors consist of a resonant circuit. A coil is placed near the levitated object
and is part of the resonant circuit, that has aresonant frequency of about 100 kHz. The coil
is excited in it's resonant frequency and thus induces eddy currents in the levitated object.
The quality factor of the resonant circuit is influenced by the eddy currents. By measuring
this quality factor a measure for the position x is found. We did not use this type of sensor
because we did not want extra coils to be placed in our system.

3.1.3 Induetive sensor

The inductive sensor measures the position by first determining the inductance of the aetu
ating coil. As derived before the inductance is dependent on the position of the levitated
bali. We used this type of sensing because no extra coils or are needed. The principle and
implementation of this sensor are explained in detail in the next section.

3.2 Principle of the inductive sensor

The inductive sensor uses the fundamental idea, that the inductance of the coil depends on
the position of the levitated object. From equation (2.2) we know:

Q
L = Loo +-X . (3.1)+x

This equation tells us that we know the position of the balI when we are able to measure the
inductance of the coil. It's obvious to determine the inductance by using the coil current i
and coil voltage u. In chapter 2 we derived the following equation (2.4):

dL dx. di
u = (R + dx di) . t + L . dt (3.2)

We can see that the voltage u depends on both Land i and ~~~~ and j~. As a matter of fact
ies not possible to solve our problem by measuring i and u, because the current and position
are not constant. However, we know that both the actuating current and the position will be
bandlimited. This introduces the possibility to do our measurement at a high frequency. If
we supply a sinusoïdal current zsin(wt) with constant amplitude t to the coil, we obtain the
following equation:

with

û . cos(wt + 4» = (R + L)2 sin(wt) +wLi cos(wt), (3.3)

L = ~~ . ~~ = time derivative of L [H / s]

w radial frequency [rad/4

As typically ~ is very slow with respect to w, we mayassurne L to be constant, during one
period of our sinllsoïda.I current. Applying complex calculus to (3.3) gives the foUowing results
for the complex amplitude û and the phase 4> of the resulting coil voltage u:

lÎ = hIt w . L)2 +(R + L)2

w·L
</> = arcsin( )V(w, L)2 + (R +L)2

A two-dirnensional magnetic levitation systern
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18 3. Sensing the position

If we look at ~quatiOJls (3.4) and (3.5) we see that would we be able to supply a sinusoïdal
current with constant amplitude i to the coil in addition to the actuating current and to
measure both phase 1J and amplitude û we would know the inductance L by doing the following
arithrnetic operation:

û 'A

sin( 4» =L
i· w

(3.6)

Of course it is not easy to do this electronically, but this algorithrn ensures us there's enough
inforrnation in the coil voltage to measure the inductance. The first electronic problem is
to throw away the low frequent components and just look at the frequency of the supplied
sinusoïdal current. We can do this by multiplying the coil voltage by cos(wt). This results in
the following equations:

[û· sin(wt + 4» +UI!]' cos(wt) =
{û· [sin(wt) cos(1J) + cos(wt) sin( 4>)]} . cos(wt) + UI! . cos(wt) =
1/2· û· [sin(4)) + sin(2wt + 4»] +UI! . cos(wt), (3.7)

fsen

where UI! are the low frequent actuating parts of the coil voltage. If we analyse this muIti
plication of the coil voltage in the frequency domain we find the results of figure 3.1.

Before muJtlplicatlon .L
_1 w~_t-

·Csen ·or oe ---+freq

~_e_r_m_u_lt_lP_llca_tl_o_n t_t_u ---;~::--..L.----JI-
freq

Figure 3.2: Multiplication in the frequency domain

From this figure we can conclude that the direct voltage component is equal to û·sin( 1J) = i·wL.
This is exactly the result we wanted. As i and ware known, multiplication of the coil
voltage by cos(wt) and low-pass filtering the result will provide us a measurement of the coil
inductanee L. The theory described in this section introduces the following scheme for our
sensor (figure 3.2):
In the next section we will show how we realized this sensor electronically. After that we wiII
try to say something about the sensor's performance and how this sensor will influence our
control system.

3.3 Practical realizatioll

As it appeared to he very difficult to obtain high performance multipliers, we tried another
option to realize our sensor principle. In this option a Loek-in amplifier was used. This will

A two-uirnensional magnetic levitation system
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Î .

ucoil
..--------,----)1 Multiplier

Ure!

cos ((a)t)

ueoiJ'UreC Lowpass
filter

L

Figure 3.3: Block scheme of the inductive sensor

be explained in the second paragraph of this section. However, the first problem to be solved
was how to supply an alternating high frequent current with constant amplitude to a coil
which is also used to keep a bali levitated.

3.3.1 Supplying a sinusoïdal eurrent to the eoil

For the sensor described above it is of high importance that the amplitude of the sinusoïdal
current is constant. If no other currents are supplied to the coil this had not been difficult.
The scheme of figure 3.3 would be sufficient.

Re i'sin (lI)t)
-+-

O'sln (lI)t)

L

R

Figure 3.4: A simple electron ic circuit

In this figure the following equation holds:

(3.8)

In this equation i is approximately constant if R +Re is much greater than w times the change
of the coil inductance (= nx). This solution, however, is not very elegant and not possible
when the coil is also supplied with the actuating cunent. We tried to solve these problems by
using the actuator to supply the sensing current as weIl. This principle is described in next
chapter. However, to test the principle of the sensor and to measure it's performance we used
the solution as suggested above.

3.3.2 The Loek-in Amplifier

If we look at the principle of the inductive sensor again, we notice that the multiplication of
the coil voltage with the eosine is a sort of demodulation. For demodulation often a loek-in
amplifier is used. This amplifier multiplies the input signal Uin by 1 if the reference voltage
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20 3. Sensing the position

Ure! is greater than zero alla by -1 if ure! is smaller than zero. If we take the eoil voltage as
Uin and iJ· sin(wt) as Ure! the Loek-in-Amplifier will have the in- and outputs as shown in
figure 3.5.

~:t5_1îllj\ ~ \ .

-2o 0.5 1 1.5 2 2.5 3

~Jt\/:\:Z:sJ
o 0.5 1 1.5 2 2.5 3

ïr/]2:Vl/lf tij
-2o 0.5 1 1.5 2 2.S 3

time [sJ

Figure 3.5: Results of the Loek-in Amplifier

If we integrate the output signal '!Lout of the amplifier over one period of the sine, we obtain
the following result:

2". " 4· . (A..)

1w 1-': A • usm 'f'Uoutdt = 2· usm(wt +</J)dt = - (3.9)
o 0 w

If we eompare this with (3.6), we notiee that again we have a measure for the inductance
of the coil. So supplying the coil voltage to the Loek-in amplifier and low-pass-filtering the
output will realize the sensor. The eleetronic circuit is given in figure 3.6.

i
Ucoil Loek.in ucoil'uref

.-------r--~ amplifier

Urer

sin (oot)

Low pass
filter

L

Figure 3.6: Eleetronic realization of the sensor

3.3.3 Making the sensor linear to x

We have know found a measure for the inductance L of the coil. The coil inductanee, however
is not linear ta the balI position x. Therefore we have to work up the result into a voltage
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that is linear to x. To get this done we must electronically realize the following operation of
(3.10). The electronic implementation is given in appendix A:

Q
x= XL - L oo -

(3.10)

In order to be able to design an appropriate controller we need to know the transfer function
of the sensor: U.en S ,where Xtrue is the real position and Usen is the output of the sensor.

Xtrue S

To obtain this transfer function it had heen practical to be able to control the position of the
hall x(s) and then measure the output U sen ' Now we just looked at the electronic circuit and
tried to determine the transfer function by analysing this circuit. This resulted in:

K
(2.2.10-3 . s +1)4'

(3.11)

where K[V/m] must be determined by experiment. Furthermore the linearity of the sensor
must he tested. As the divider that must realize (3.10), has a linear output for a restricted
area of operation, (3.10) will only hold for a restricted range of ball positions x. In the next
section we will experimentally deterrnine K and the linear range of the inductive sensor. We
will analyse it's reliability as well.

3.4 Testing the sensor

To rneasure K and the linear range of the sensor, we executed the following experiment. We
supplied the sinusoïdal current as shown in figure 3.4. We adjusted the position of the hall
by using little pieces of paper with a thickness of O.1rom. For each position we rneasured the
output ofth&sensor and the output ofthe low pass filter following the Loek-in Amplifier. The
results of this experiment are shown in figure 3.7. With this figure we ean easy deterrnine J(

3.5.--------.----------.----------,

3

~2.5

i 2~···························· ., y...,-.. , ~

! 1.5 .....

1 .

O.50~=-----7------!'.:--------!,·5

potIlon x [nvnl

Br-------.----------.-------,

15
poollon • (nvnl

Figure 3.7: L sen and U .•en as a function of x

and the linear range, resulting in g = 200[V/m] and the linear range for 2 < x < 12 [mm].
Other important features of the sensor are it's relia.bility, it's sensitivity and the aceuracy.
lf we look at the sensor's principle we notice that we first measure the inductance of the
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22 3. Sensing the position

coil. Th~ biggest part of the inductance (about 90 %) consists of Loo , being ihe inductance
of the coil when na ball is present. Only a minor part of L depends of the position of the
balI (see figure 2.3). This means that little disturbances in the measurement of L cause large
disturbances in the sensor output linear to x. This tells us that very accurate components
are needed to get an accurate measurement with little output-disturbance. If we define the
sensitivity ([V/ m] of the first part of the sensor as ~ we obtain the following equation using
(3.1):

dL Q
€ = - = - ..,..-,'---:---:-=

dx (X + x)2
(3.12)

From (3.12) it is obvious that the sensor is more sensitive if x is smaller. However if x is very
small the divider will not be in it 's linear range. This means the sensitivity is maximal when
we measure in the linear range as close as possible to the coil. At the end of this section
we want to say something about the reliability of the sensor. The reliability of the sensor
is inftuenced by the amount of actuating current that is supplied to the cail. This effect is
caused by saturation effects. If we look at the B - H -curve of the magnetic material used in
the cail (figure 3.8) we see that this curve is only linear in a restricted range. If the magnetic
field strength B[A/m] gets toa high, due to a large current, we will notice a smaller induction
L, thus inftuencing our sensor and destroying our sensor-signa!. This means the sensor is only
reliable for small actuating currents.

B

new curve

H

Figure 3.8: B - H -curve of the magnetic materia.l

In this chapter we developed an inductive sensor and derived a. model of it's operation. With
this sensor a part of our control system is completed. In the next section we will describe an
actuator. After realizing this all devices are present to design a controller that can stabilize
our control system.
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Chapter 4

The current amplifier

This chapter describes the design of the current amplifier, the problems during the realisation
and some solutions for the prohlems.

4.1 Specifications

We want to design a current amplifier that can supply both the actuating current and the
sensing current to the cail. The actuating current must he large enough to keep the hall
levitated and must be bandlimited to avoid very high voltages to he induced in the cail. For
accurate sensing it is necessary to keep the current of the sensor constant. So the current
amplifier has to satisfy the following equation and frequency spectrum (see figure 4.1).

icur.amp = iactll.ator +isensoT sin 21r!sent

IHI t------,

act,bancl

............... ~ .

foen freq

(4.1)

Figure 4.1:

This results in the following specifications:

• The maximum current, which must be provided by the amplifier, is estimated with
some simulations (see cha.pter 5). For a small motion ±3 [mm] of the hall a current of
2 [A] appeared to he sufficient with some peak currents of less then 3 [A]. This means
a current amplifier must be designed that can supply a current of at least 3 [A].

• The simulations mentioned above showed a voltage supply of about 30-40 [V] was suf
ficient to rea.lize the cunents needed to levitate the ba.l!.

• It is very important to keep the sensing current consta.nt, as explained in chapter 3. If
the sensing current is supplied behind the amplifier (figllre 4.2) thc olltpllt-impeda.nce
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24 4. The current amplifier

of the €urrent amplifier must be high. If we want to use the other method, applying
the sensor current at the input of the amplifier, it is necessary that the bandwidth of
the current amplifier must be at least fsen Hz (1kHz < fsen < 2kHz). However, this
means very high voltages will occur, which may cause instabilities.

• The bandwidth that is needed to keep the ballievitated is about lOOH z, as the dynamics
of the levitation system are also bandlimited at this frequency. To avoid instabilities of
the amplifier it is necessary to use the fact that no high frequent currents are needed.
This results, together with the earlier item, in the desired spectrum'of figure 4.1.

• Same additional circuits are needed which make the right eoil to be driven. Sa a
positive input-voltage causes a positive current through the upper coil an a negative
input-voltag~ causes a positive current through the lower coil (see appendix B).

First we looked at same amplifiers, that were present at our department (ER), wether they
were suitable for this application. Two amplifiers have been tested:

• An adjustable power supply with voltage feedback (EK 030-10)

• A serve amplifier

They where bath not suitable for same reasons. The power supply was easy to use as a
current source. Just by adding aresistor between the load and the ground and then feedback
the voltage over the resistor (this is a measure ofthe current through the load). The power of
this amplifier is sufficient (30V, lOA), but the bandwidth was to small (75Hz) so the sensor
signal ean not be added to the input. Another disadvantage of this amplifier is the low output
impedance. The sensing current (added after the amplifier) disappeared almost completely
through the amplifier in stead of through the coil.

The servo amplifier had the advantage that the power and bandwidth were ample sufficient
(lOA, lkH z) and that the amplifier furnishes bath positive and negative current. Sa two coils
ean be connected by using a reverse diode in series with each coil. But this servo has some
disadvantages too, it is not possihle to add the sensing current at the input sa that the sensing
eurrent flows through bath eoils. Beeause of the serie-diodes only one coil of the two coil ean
be driven. Adding the sensing current after the amplifier is also not possible because the
output impedance of this servo is too low. Another problem were the cross-over disturbance
of this servo amplifier.

Because both amplifiers ean not he used, we have decided to design a current amplifier. In the
next section we will start from a basic circuit that is used as a current amplifier. After that
we will show the problems that occurred using this circuit, when the current was supplied to
a coil (large inductive laad)

4.2 The basic principle

The circuit that we started from is shawn in figure 4.2. This circuit consist of a. fet (M OS
field-effect transistor) driven byan opamp (aperational amplifier) and a source resistor Rs
which voltage is fed back to the input of the opamp.
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Uln

(4.2)

.Vee ·15V

Figure 4.2: The basic scheme of the current amplifier

The opamp causes the souree voltage to be equal to the input voltage. The drain current will
be

I
Vee - Uin

d= Rs

This equations only holds when the gain of the opamp is very high (Aa -+ 00) and the fet is
in the saturation region (VGS - VThreshold :::: Vvs).
The output impedance of this eurrent amplifier is

Ao
Zoutput '" 1 . Ra' ajet (4.3)+T' S

where

afet constant of the fet (in saturation: In :::::: ex· Vns)[.]

T = time constant of the opamp[s]

Rs = souree resistor :::::: O.2[n]

In (4.3) we can see that Za decreases if s increases. Furthermore the impedance of the coil
increases if s increases. This means that the amount of sensing current that will really enter
the coil will depends on the frequency and on Vns, as Q depends on VnS. The earlier remark
simply that the sensing current will not be constant in th is circuit.

Some further remarks can be made about this circuit:

• After the realisation of the amplifier it turned out that instabilities occurred when
supplying a eurrent to t he cai!. This can be corrected by decreasing the bandwidth of
the opamp. But when the bandwidth of the opamp is decreased also the gain for high
frequencies is decreased and this will affect the output impedance negatively.

• Ir a eonventional opamp is Ilsed, for example pA741 or LM3DS, it is necessary to conneet
the bottom of the coil to the negative voltage supp\y to get a sufficient range for the
coil voltage. This makes the sensor system more complicated. Allother disadvantage of
using a conventional opamp is that the ideal region of operation for the output voltage
is ar01111d OV and here the opamp is operating just below the positive voltage supply.
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26 4. The current amplifier

_Because a conventional opamp is less suitable for this application, we looked for a more ded
icated opamp and found one, the XTRllO.

The XTRllO is a high precision voltage-to-current converter which can easily be used as a
current amplifier by adding an external mosfet and souree resistor. This will he ealled the
U-I converter from now on: The XTRllO has the following speeifications [1]:

• Single supply operation and wide supply range: 13.5V to 40V

• Selectable output range, dependent on the external eomponents

• Very high output impedance (l09), if fet is in saturation region.

Moreover, a suitable mosfet has been selected after we checked for the following criteria:

• The maximum drain-current.

• The minimum VDS needed to keep the fet in it's saturation region.

• The maximum permissible power dissipation

We have chosen the IRFP 9140 [2]. The maximum drain current is 19A and the maximum
power dissipation is 150W. The fet has to he cooled with an appropriate heatsink in combi
nation with forced air cooling (e.g. a ventilator). Otherwise the fet will be damaged due to
the enormous power dissipation.

In the next section we will analyze the U-I converter.

4.3 The U-I converter:

In figure 4.3 the complete circuit of the U-I converter is shown.

Cd

Rddl

-,----------,.--- Vet

RI
20k Q

I
i
I

!
i
I
i:

~:7kQ I
_---'--_--_---_--_--_--_---_--_---_--_--_---_--_--...l---_--_---_--_--_---_--_---_--_--_---_--._-'--_L--_-'--. Gnd

XTRllO
~----------------- -------------1
j i

Vin : Rl !
580 Q I

Figllre 4.3: The seheme of the U-I converter
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(4.4)

The operation of this circuit is almost the same as the basic circuit. Only a subtraction circuit
is placed at the input. The statie transfer function is

fd RzR3

Uin (Rl + Rz)R4 Rs

The. clamping diode, parallel with the coil, is of great importance. The diode avoids negative
voltages over the cail. If the diode is not present negative voltage-peaks will cause all kinds
of undefined non-linear effects of the fet and a limit-cyde occurs.
Even with the clamping diode we see an oscillation at the coil voltage (see figure 4.3). The

v....t
v..

Figure 4.4: The oscillation of the cail voltage

frequency and the pulse-width of this oscillation depend on the voltage supply and the coil
current. With a supply of 40 V and a drain current of IA the frequency is about fa = 250 Hz.

Another observation we made, was that the oscillation is largely damped when the sensor
system is connected to the cail. The first part of the sensor system is a first order high pass
filter (see Cd and Rd in figure 4.3). The frequency and amplitude of this sinusoïdal oscillation
also depends of the voltage supplied and the coil current. The frequency is about 16 kHz and
the amplitude is IOV.

In the next sections we will explain these observations by means of some simulations and
measurements. Finally we will give a solution for these problems.

4.4 Analysis and simulation of the U-I converter

4.4.1 Simulations with Spice

For the simulation of the U-I converter we used the software package Spice. Spice is a
simulating program for electronic circuits. The circuit is described by it's junctions and
components. A lot of analysis can be done with Spice. Some analysis we used were:

• DC-analysis, determine the input/output characteristic.

• Transient analysis, analysis in time.

• AC-analysis, calculate the complex transfer function based on linearized small signal
models at the operating point.

The opa.mps of the U-I converter are rnodelled with a first-order model:

Aa (
Vaut = / V+ - L)

1 + S Wa

A two-dimensional ma.gnetic levitation system
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28 4. The current amplifier

where Ao is the open loop gain and Wo is the open loop bandwidth(wo = ~). Beeause there
were na specifieations of the opamps in the datasheets ofthe U-I converter, we measured the
closed loop transfer function of the opamps:

(4.6)

The closed loop bandwidth is Aowo ~ 3 . 106radjs. So we eonsider that Aa = 1· 105 and
Wo = 30rad/s. These values match with the specifications of conventional opamps.
The transistor of the U-I eonverter has been modelled as a. standard NPN-transistor of Spiee.
The power mosfet is modelled as a standard p-enhancement MOS fet with some additional
parameters, sueh as input- and output capacitance, drain resistanee and inductance and
transconductance parameter.

First we simulated the U-I converter with a resistor as loa.d, in figure 4.4.1 the AC-analysis
is shown.

DtlllTlfMn.ft: 10!Z7IM 11:21:32
u..........,

TMIQ."": Z1.0

A 10 - ---- .. _- •••:--- -- - ----- ... -_ ... ----: -- •• -.- .... -- - ... - - •• ---- - .. - -- ----;

O~

-40 .. - - _. - -' -. - -,.- _... a •• a ...... ~- _ .. -.- -. - -·r""",' _ ......... r -- .... __ .. --"Oo" .......... --""--1
I.Oh ,.-.

.20'lOO(Y(7))
,OOh I.OKh 10Kh l00Kh l.GMh

Figure 4.5: The AC-analysis of the U-I eonverter with load resistor, Ure! ~ UR.

In this figure we see that one pole, SI = -3.106 [rad/sJ, is equal to the pole of the opamp's
and the other one, 82 = -1.2· 106 [rad/sj, is a little bit smaller, caused by the fet. So the
bandwidth of the system is about 200 kHz.
The next simulation is the analysis of the U-I converter with a·n inductive laad, see figure
4.4.1. In figure 4.6(a) the transfer funetian //.:! is shown and in figure 4.6(b) the transfer

function rf-::-;.
rl!.J

In these figures we see that coil voltage inereases extremely the frequeney is enlarged and that
the bandwidth of the system is decrea.sed to 10 kHz. The frequency (16 kHz) of the sinusoïdal
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Figure 4.6: The AC-analysis of the U-I converter with inductive load .

oscillation mentioned in section 4.3 is approximately the same as the frequency (10 kHz) of
the resonance peak.

4.4.2 The analysis

The oscillations of the U-I converter are caused by very small disturbances in the current.
These disturbance will be amplified strongly by the cail. The pulses in figure 4.3 are probably
caused by disturbances of the power supply or noise in the source resistor. Because of these
disturbances, the coil voltage is increased to the voltage supplied very fast and the drain
current becames zero as the fet is c10sed (VDS == 0). When the RC-network of the sensor
system is connected the high frequent disturbances will be damped. The impedance of the
RC-network is smaller than the impedance of the cail for high frequencies.

Another explanation for same problems is that a system containing a current source in series
with a cail is not a causal system. The cail wants to control it's own current (h = t JUL dt)
and that is contradictory to the current source. By adding a RC-network a causal system is
obtained, now the current source and the coil can both control their currents.

4.5 The solution

We must choose Rd and Cd ofthe RC-network so that the unwanted high frequent disturbances
are darnped and that the control current (J < lOOJ[ z) and the sensor signa) (lkH z < Is <
2kH z) are not infllJenced by the network. This means,

ZL+RL >> ZCd+Rd

ZL+RL « ZCàRd

if I < 5kHz and
if I> 5kHz.

(4.7)
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This resultsin Rd = 1H! and Cd :: 18nF. The load of the amplifier can now be written as

L R /1 1 R S2 LCdRd +sL(R~Cd +1) +RL
s + L - + d = (48)

SCd S2 LCd + sCd(RL +RL) +1 .

The zeros of this function are: Zl:: -44 radls
Z2 = -56 . 103 radl s

The poles are: Pl,2 :: -5· 103 ± j23 . 103 rad/ s

The poles and zeros of this system correspond to the poles and zeros shown in the AC-analysis
of the spice (see figure 4.7(a) for the transfer function &:J

~j
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.,~ 1

.1&0 i
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. .. .
·2«1 ••• - -- " ,. - •• --- , - ---t

lOh 10h ll)Otl IOliO'l tOtCh l00KJ'l I CIMn
.20"IoO(I(LI))

1.,,0....... 1'10
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101\ 1<1\ tGOh 10Q'l ,~ tOO'Ql. 1CM1"1
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Figure 4.7: The transfer function of the U-I converter

The transfer function .!.L... of the U-I converter can he calculated as
Uin

h SRdCd + 1
Uin s2LCd +S(RL +Rd)Cd + 1

(4.9)

The dynamics of the opamps of the U-I converter are ignored in this equation. The calculated
transfer function corresponds weIl with the simulation in figure 4. 7(b).
We also measured the transfer functions of the whole system with a spectrum analyzer. The
result of this measurement was the same as the result of the Spice simulation.

Beca.use the bandwidth of the amplifier has to he large due to the sensor cnrrent there is
still same noise of the sma.1l sonrce resistor that will be amplified. This noise disturbs the
sensor signal and that's why it is better to add the sensor current behind the amplifier. The
advantage is now that when the fet is closed (Jd :: OA) the sensor signal is not distlHbed hy
the amplifier.
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4.6 Conclusions

31

In this chapter we tried to design a current amplifier that was able to supply both the actu
ating current and the sensing current to the cail. This resulted in the ideal spectrum shown
in figure 4.1. However, in practice, it is not possible to realize such a transfer function.
This meant the bandwidth of the amplifier had to be at least fsen. to be able to supply the
sinusoïdal sensing current to the coil with a constant amplitude. However, this bandwidth
appeared to be too large to avoid instabilities. These were caused by the large inductive load
(the cail) that extremely amplifies high frequent currents. Therefor it was better to supply the
sensing current behind the amplifier as shown in figure 4.3. However, this means the output
impedance of the current amplifier must be large enough. The bandwidth of the actuating cur
rent through the coil has been restricted by the RC-network parallel with the cail in figure 4.3.

Up till now we have designed a "system" that supplies the sensing current and actuating
current separately. However, even in this system it is very hard to sense as the sensing
current is disturbed by noise generated in the current amplifier.

A two-dimensional magnetic levitation system



Chapter 5

The contral system

5.1 Practical aspects of the system

In this section same aspects of the magnetic levitation system will he descrihed, which disturbs
our sensor system. Because the sensor is a very important part in the control system we
couldn 't test our realized system with the designed controllers in practice.

5.1.1 Sensor disturbances

The sensor is based on inductance changes of the coil due to the ball movements. But there
are same other causes which influence the inductance or disturbs the sensor signal:

• The upper electrornagnet is split into two separate coils which have the same numher
of turns. The outer coil is used hy the stationary current io and the inner coil is used
by the actuating current ix ' At the same time the inner coil will he the sensor coil.
When na current source is connected to the outer coil (open circuit), the inductance
of the inner coil is the same as the inductance (L oo = 103 mH) of a magnet with a
single coi\. But if a current source (not ideal, sa ZOUl :f:. 00) is connected to the outer
coil, the inductance is decreased by a factor 5 till L(y;) = 19.1 mH. The magnetic flux
generated by the current in the inner coil will cause a current in the outer coil also and
this current will oppose the rnagnetic flux.

By decreasing the inductance of the coil, the sensitivity of the sensor signal is decreased
also, sa the sensor signal must be amplified extra. By this the disturbances of the sensor
signal will be amplified toa.

• As mentioned in section 3.4 the inductance is influences hy the amount of current that
is supplied to the coil. This effect is caused by saturation effects in the ferrite core of
the magnet and shown in figure 5.1. This experiment is done by using the magnet with
the two coils. The outer coil is supplied with a stationary current ia and the inner coil
with a alternating current f = 1 kH z to measure the inductance of the inner coi\.

The result of this experiment is, the sensor signal is reliable when the actuating current
is smaller than 2 A. If larger actuating currents are necessary this effect has to he
modeled.
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Figure 5.1: The inductanee of the coil as function of the coil current .
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• Another problem is the disturbance of the sensor signal caused by the noise of the
current amplifier. A possible solution for this problem is the use of a good band pass
filter before the loek-in amplifier. But this isn't tested in practice yet.

5.1.2 Mutual induetance

Another point of view is the coupling between the electromagnets. From experiments it
appeared that the electromagnets influence each other. This interconnection can be described
hythe mutual inductanee coëfficients and can he expressed in the coil voltage equations:

. dil di2 di3 di4
Ul = Rl' ~l +L l · - + M·· - +M . - - M . - (5.1)dt u dt. u dt v dt'

. di2 dil di3 di4
u2 = R2' Z2 +L 2 · di +Mv' di - MI' dt +MI' di' (5.2)

di3 dil . di2 di4
U3 R3 . i 3 + L3 • di - Mu ' di +MI' dt +Mh . di' (5.3)

di4 dil di2 di3
u4 = R4 • i 4 + L4 • di + Mu ' di +MI' dt - Mh' di' (5.4)

where

Mu Mutual inductance coëfficient hetween the upper magnet (Ll) and

the left (L 3 ) or right (L 4 ) magnet,

MI Mutual inductance coëfficient hetween the lower magnet (L2 ) and

the left or right magnet,

Mv Mutual inductance coëfficient between the two vertical magnets,

Mh Mutual inductance coëfficient hetween the two horizontal magnets.

The mutual inductance coëfficients are expected to he a function of the frequency wand the
balI position x. Theoretically, two coils which are perpendical to each other, have no mutual
inductance coëfficient. So these coëfficients can be ignored here but the other coëfficients
ca.n't he ignored, appeared from the experiments with the system. These ml1tual inductance
coëfficients should be determined by experiments and added to the control system of the
plant, to complete it. But more research has to he done ahout this. In the following sections
all the mutual inductance roëfficients are ignored.

A two-dirnensional magnetic levitation system
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5.2 The modeling

In this section we will derive a linear model for the sensor system, the U-I converter, and
the dynamics of the electromagnets including the ball. The following values of the system
parameters are used here:

9 = 9.81N

m = O.08kg

r = 2.5· 1O-2m

d = 5.7 ·1O-2m

the gravitational force

the mass of the ball

the radius of the balI

the distance between the magnets

(5.5)

The sensor system can be modeled with the transfer function derived in chapter 3, equation
(3.11):

1
H sensor ( s) = 3)4(s2.2· 10- + 1

The U-I converter is modeled as we saw in chapter 4 with:

SRdCd + 1 0.48(818.10-6 + 1)
H~ctua.tor(s) = s2LCd +S(RL + Rd)Cd + 1 8 218.10-10 + s18. 10-6 + 1 (5.6)

Since these poles and zeros are far away from the poles of the sensor system and the plant
dynamics, this model of the U·I converter will be ignored here.
The force dynamics of the plant are described by equations (2.13) and (2.16). The linearized
equation can be written às:

(5.7)

where K x and !{i are functions of X Tl i r and the constants Xo = 0 mm and i o = 4.09 A. These
function are shown in figure 5.2.
In this figure we see a small deviation in Ex, this means the poles of the linearized system
move around a little. Furthermore we see a big difference of !(i for positive and negative x r •

When X r = 0 then Ki = 0 (4ft = 0) which makes the controller design complicated because
no linear transfer function can be defined here. Infigure 5.3 the system poles and the root-loci
of the closed loop system for a P-controller are shown for Xr = 1 mmo
The poles and zeros of the current amplifier are not shown in this figure because they are
ignored in the design. One pole of the system is located in the right half plane and makes
the system unstable. The controller has to take care that this pole is pulled into the left half
plane and all the other poles are kept in the left half plane.

In the next section we design some controllers using our linearized system and analyze these
controllers by means of the real nonlinear plant. The design of the controllers is done by using
root-locus techniques.

5.3 Controller design

The simulations of the control system are done with 'Matlab' and 'Simulink', see appendix
C for the simulation system. In all the simulations some white noise is added to the sensor
signal to make it realisticalJy.

A two-dimensional magnetic levitation system
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Figure 5.3: The system poles and the root-loci of the linearized system for X r =1 mmo

First a PD-controller and a PID-controller are designed and next a controller based on exact
linearization is designed.

5.3.1 PD-controller

We start with a simple controller, the Proportional Derivative controller and try to design
such a controller which stabilizes the system for the two Iinear transfer function in reference
position X r = +1 mm and X r := -1 mmo These transfer function are:

. 1.4 1
H+ 1 (s) = (52 _ 961) (s2.2· 10-3 + 1)4'

H (5) = 4.6 1
-1 (52 _ 762) (52.2. 10-3 + 1)4

(5.8)

(5.9)

A two-dimensional magnetic levitation system



36 5. The control system

The transfer function of aPD-contröller is

D
HpD(S) =P + Ds = P( pS +1) (5.10)

This PD-controller adds a zero at s = - -b- to the system. Because such a controller can 't be
realized in practice, a pole has to be added. This pole has to lie between 0.1 and 10 times
the value of the zero, to avoid noise arnplification. The root-loci are shown in figure 5.4. The
zero is chosen to be at s = -40 rad/s and the pole at s = -400 rad/s. The pole has only a
little influence on the system now.

200

100

Ol Ol

~ ~
0

f f
-100

-200
-500 0 500 -100 -so 0 50 100

Rllal Alels Rea! Alels

Figure 5.4: Root-loci of the system (x r = 1 mm) with the PD-controller.

The gain P is selected so that the system is stabIe and as fast as possible but taking into
account the actuating current and the coil voltages. The actuating current is limited to ±3 A
and the coil voltage is limited by the voltage supply (negative coil voltages are eliminated by
the clarnping diode). P is chosen as 2· 104 in the simulations, see figure 5.5-5.7.

In figure 5.5 the mentioned problem is shown when X r = 0 mmo The controller can 't keep
the balI in position X r = 0 mm but has a steady state error of 2 mmo

In figure 5.6 the step responses are shown . At t =Os a step of +1 mm and at t = Is a step
of -2 mm is generated. The step input is filtered with a low-pass filter (Je = 20 Hz) before
it is offered to the system input. At position 1 mm the system has a position error of 0.3 mrn
and at position -1 mrn there is hardly a position error.

In figure 5.7 the response of a sinusoïdal input is shown. The amplitude of the signal is 2 rnm
and the frequency is 2 Hz. Also a position error is shown in the upper part of the sinus and
not in the lower part.

The re~;ults of the simulations with a PD-controller are: the system remains stabIe, steady
state position errors which oecur can be ver)' large and the actuating eurrent and the coil
voltage stay within their lirnits.

In order to reduce the position errors we will try to design a PID controller in the next section.

A two-dimensional magnetic levitation system
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Figure 5.6: Step. response of the PD-controller

5.3.2 PID-controller

(.5.11)

The advantage of a Proportional Integrating Derivative controller is the cancellation of steady
state position errors. The PID controller realizes the transfer function:

J s2D + sP + J
HPID(S) = P + - + DoS = -----

s s

A two-dimensional magnetic levitation system
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Figure 5.7: Sinusoïdal input response of the PD-controller

This controller adds a pole at s = 0 and two zeros at s = -.]; ± YP~D4DI. Sueh a transfer
can't also he realized in practice so an extra pole has to he added. First we tried to design
the controller so that both linearized systems, Xr = 1 mm and Xr = -1 mm are stahle.
This resulted in a plant with it's poles against the imaginary axis in the left half plane so
the damping was too bad. Next we designed a controller for the linearized system with
X r = 1 mm, see the root-loci in figure 5.8. .
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Figure 5.8: Root-loci of the system with the PID-controller.

The zeros of the controller are chosen at s = -1 rad/s a.nd s = -20 rad/s. The poles are
positioned at s = 0 rad/ s and s = -200 rad/ s. An appropriate choice of the gain has to
make sure that this system is stabie for position X r = 1 mmo From simlliations it appeared
that the obtained plant wasn 't robust. Step responses couldn 't be generated here because of
an instability. Only a slow sinusoïdal input response was possible, see figure 5.9.
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Figure 5.9: Sinusoïdal input response of the PID-controller
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In this figure we see the heavy reaction of the controller on disturbances clearly. Froin these
simulations we can conclude that this PID controller is not a. suitable controller to stabilize
our plant.

5.3.3 A controller based on exact linearization

In the last sections we have designed a controller based on a linear transfer function, which
changed for every reference point X r . In this section we will present an other nonlinear control
method based on a constant linear transfer function [8].

Ir the parameters of the system (Q, LocJl X) are known exactly and we ca.n measure the ball's
position accurately then it is possible to linearize Dur system exactly by feedback, see the
control system in figure 5.10.

Linear system

+
Controller

~._ .._ _. __ ,.. ",_ _.. __ ._ __ ._..__ .--0- _.._.. __ ._~

l i
: :

Flini Nonlinear ix Nonlinear i x
feedback plant

Figure 5.10: Control system for exact linearization.
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40 5. The control system

Due tothe extra feedback loop we ean realize a linear system with twopo1es in the origin:

x(s) 1
Ftin(s) = S2 m (5.12)

The transfer function of the linearizing feedback can by derived from the dynamic equations
(2.15) of the magnetic levitation system as:

. {. -J-(Eiin +mg - ~) 2(cQx)2

~x =

Jfii'$"mg 2(c - x)2 - i o

if X r ~ xo

if Xr < Xo

(5.13)

The obtained linear system can be controlled with a PD controller easily. The root-loci of this
system are shown in figure 5.11. The used PD controller has the following transfer function:

s -10
HpD=k·--

S -100

200

500 100.. ..
~ ~
Ol Ol

~ ~

-soo -100

-200
-500 0 500 -100 -50 0 50 100

ReaJ Axis ReaJAxls

Figure 5.11: Root-loci ofthe system with exact linearization.

(5.14)

I

A fast system can he obtained by choosing a k sa that the poles lie as left as possihle. If we
do that the actuating current and the coil voltage will he very high. So an appropriate gain
(k = 500) has to be selected which keeps the curTent within it's limits. In the figures 5.13
and 5.12 the simulation results, a step response and a sinusoïdal input response, are shown.
These results are better than the other control system, the steady state errors are very small
and the settling time is almost equal. And the controller can keep the balI in position
X r = 0 mmo The only drawback shown here are the few peaks of the coil voltage. The
step response can be irnproved by decreasing the gain but it wil! deteriorate the sinusoïdal
input response. By increasing the gain the step response wil! be worse and the other response
bet ter.

Probably, more performance and accuracy can be ohtained by using a more dedicated con
troller than this PD-controller, such as a robust controller. A robust controller is even neces
sary when there is an uncertainty ahout the knowledge of the system parameters.

A two-dimensional magnetic levitation system
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5.4 Digital control

The final control system wiJl be realized with a Digital Signal Processor system (DSP). By
using this DSP, a controller designed with Simulink can be realized and tested directly.

Using the DSP, the sensor system can be improved. The divider (described in chapter 3)

A two-dimensional magnetic levitation systern



42 5. The contral system

can be left out of the electranic circuit and replaced by the DSP. It is better ta calibrate the
sensor accurate and use a look-up tabIe. The" DSP can compensate the sensor signal also for
the known disturbances.

A twa-dimensional magnetic levitation system



Chapter 6

Conclusions and recommendations

6.1 The sensor

• The inductive sensor we designed, is accurate and sensitive if the sensing current can
be kept constant. When the sensor is used separatelyon one coil, it 's very useful and
reliable. But when the sensor is used in our system the sensor signal is disturbed by
different things:

- saturation effects of the ferrite core,

- mutual inductance between the electromagnets,

- noise of the current amplifier.

The first two effects should be modeled and added to the control system, so the controller
has to' take care of these problems. But more research about this has to be done to get
a valid model. The sensor signal has to be filtered from the coil voltage with a good
band pass filter before it's added to the loek-in amplifier. This has not been tried in
practice yet.

• The principle of the sensor is good. The electronic circuit of the sensor can be improved
by choosing better electronic components with more precision, less temperature drift
and less noise.

6.2 The current amplifier

• The design ofthe current amplifier was hard beeause ofthe large inductive load (the coil)
and the high currents needed. The realized eurrent amplifier is very accurate. Because
the sensing current has to be constant, the output impedance at the sensing frequency
should he high. That's why the bandwidth (5 kHz) of the amplifier is just larger then
the sensing frequency whereas the bandwidth of the actuating current is limited till 100
Hz. Due to this large bandwidth of the current amplifier the high frequent noise will be
amplified toa much.

6.3 The control system

• The choice of the realization method of our magnetic levitation system (see figure 2.4)
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44 6. Conclusions and recommendations

is based on the reduction of the heat produetion in the electromagnets. This method
has the disadvantage that a nonlinear control strategy has to be used .

• One nonlinear control strategy is the use of feedforward controller. The obtained linear
system can be controlled with PO controller which stabilizes the system but the steady
state position errors can be large. Another strategy is exact linearization of the nonlinear
plant after which a PO controller can be used. From simulations it appeared that this
method is more accurate than the first method. Because both methods are influenced
negatively by parameter deviations of the system, it's better to use a robust controller
(e.g. H00' JL) in the future .

• Both simulated controllers are not tested in practice yet because of the sensor problems.
But when these problems are solved, the control system can be realized with the OSP.
Using the OSP, measurements can be done to analyse the system better. And if the
vertical movement of the bali succeeds, the horizontal movement can be realized in the
same way, just omit the gravitational force.

A two-dimensional magnetic levitation system
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Appendix A

The electronic circuit of the sensor

The realization of the electronic circuit of the sensor system is shown in figure A.i. The
divider, mentioned in chapter 3, is left out of the circuit because it is not used in the 2
dimensional system. The Digital Signal Processor takes over this function and it is better to
use a look-up table after the sensor is calibrated.
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Appendix B

The electronic switching circuits

The following function is realized with circuit in figure B.I:

{
Uoin if Uin ~ 0

if Uin < 0

U2 = {o if Uin 2 0
-Uin if Uin < 0

Uin

UI

U2

Figure B.1: The electron ic switching circuits
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Appendix C

Simulation model

The simulation model of our magnetic levitation system is implemented in 'Simulink'. This
model is hased on the equations of the nonlinear plant described in chapter 5. Both control
strategies, feedforward control and exact linearization, have their own simulation model.
These will he described in the next sections.

C.I Feedforward contral

The 'Simulink' simulation model used for the feedforward control is shown in figure C.l.

e
m
5e

et---+tMux

system
7e parameters

8

/0

C9------+CD
Clock time

ira!
var9

x
var3

Figure C.l: The simulation model with feedforward contro!.

This model is ohvious. The plant and the feedforward controller is realized with 'Matlab
s-functions' (coilsys.m, feedforw.m) shown in the following boxes:
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function [sys,xO] = coilsys(t,x,u,flag)
g =9.81;
Rs = 3.S;

if flag = 0
sys=[O 0 6 11 0 0];

elseif flag == 3
m .. u(t);

r .. u(2);
Q = u(3);

XO = u(4);
LO = u(S);
d .. u(6);
10 = u(7);

x .. u(8);

xdot = u(9);
i .. u(10) ;
idot =u(l1) ;

c =O.S*(d-r)+XO;
FO .. O.S*Q*IO*IO/( (c-x)*(c-x) );

if i>O
il .. i;
ildot .. idot;
i2 .. 0;
i2dot = 0;

else
il '"' 0;
ildot .. 0;
i2 .. -i;
i2dot .. idot;

end
Fl = 0.S*Q*(il+IO)*(i1+10)/( (c-x).(c-x) );
F2 = -0.S*Q*i2*i2/( (c+x)*(c+x) );
a .. (1/m)*(F1 + F2) - g;
u1 = il*(Rs + Q*xdot/(c-x)*(c-x» + i1dot*(LO + Q/(c-x»;
u2" i2*(Rs - Q*xdot/(c+x)*(c+x» + i2dot*(LO + Q/(c+x»;

out = [a FO F1 F2 ul u2] ';
SY8 = out;

end

A two-dimensional magnetic !evitation system
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C.2. Exact linearization 51

function [sys.xO] = feedforv(t.x,u.flag)
if flag ::0= 0
sys~[O 0 180 0];

elseif flag == 3
lIl=u(1);

r :0 u(2);
Q=u(3);
XO = u(4);
LO = u(5);
d ::0 u(6);

10 '" u(7);
xref :z u(8);
g"9.81;

c ~ 0.5*(d-r)+XO;
if xref>:zO

i ::0 -sqrt«m*g*c-2/(c-xref)"2-m*g)*2.(c+xref)-2/Q );
else

i = sqrt( 2*m.g*(c-xref)*(c-xref)/Q ) - 10;
. end

out = [2*i]';
sys = out;

end

C.2 . Exact linearization

The 'Simulink' simulation model used for exact linearization is shown in figure C.2.

m
e

var6

~
Clock time

Figure C.2: The simulation model with exact linearization.

var3

This model is almost the same as the previous model. The feedforward controller is replaced
by the nonlinear feedback to realise the exact linearization. This nonlinear feedback system
is also implemented with a 'Matlab s-function' (exactlin.m):
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52 C. Simulation model

function [sys,xO] = exactlin(t,x,u,flag)
if flag == 0
sys=[O 0 1 9 0 0];

elseif flag == 3
m '" u(1);
rosu(2);
Q '" u(3);
XO = u(4);
LO .. u(S);
d =u(6);
10 = u(7);
x '" u(8);
ihat os u(9);

g=9.81;

c '" O.S*(d-r)+XO;
if x>=O

i .. -sqrt( -(ihat+m.g- o.s*Q*rO.IO!(c-x) "2).2*(c+x)-2!Q );
else

i '"' sqrt( 2.(ihat+m.g).(c-x)"2/Q ) - ro;
end

out .. [i]';

sys" out;
end
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Appendix D

Connections of the printed circuit
boards

All the electronic circuits are realized with printed circuit boards (PCB). These PCB's are
connected to each other using a frame-box and the input, the sensor outputs, the coils and
the power supplies can be connected to the front panel, see figure D.l.

cv CV
Inp.t 1,1 Inpul3,4

0 0 0
0 0 0 0 0 0 0
+J5V +4OV +40V

0 Colli CoIl1 Coll3 Coll4

0 0 0 0 0 0 0
·ISV gnol gnol

0 CV CV CV CV Bgnol
Sensor 1 Sensor Z Sensor 3 Sensor 4 nov

Figure D.l: The front panel of the frame-box.

In this frame-box there is room for the seven PCB's, numbered from left to right, seen from
the frontside:

1. PCB with sensor system 1 and 2.

2. PCB with sensor system 3 and 4 (not realized).

3. PCB with switching circuits for all the Cllrrent amplifier.

4. PCB with current amplifier l.

5. PCB with current amplifier 2.

6. PCB with C1lTrent amplifier 3 (not realized).

7. PCB with current amplifier 4 (not realized).

The following tables show the used pins of the connector on the PCB's:
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54 D. Connections of the printed circuit boards

Pin-number Description
Cl Coil 1
C3 Ground cail 1
C6 Sensor output cail I
C8 Ground sensor output 1
CI4 CoB 2
CI6 Ground cail 2
CI9 Sensor output coil 2
C21 Ground sensor output 2

C27, C28 Negative power supply, -I5V
C29,C30 Ground power supply
C3I, C32 Positive power supply, +I5V

Table D.l: Pin-connection of the sensor system.

Pin-number Description
Cl Input I
C3 Ground input I
C5 Negative output 1
C7 Ground negative output 1
C9 Positive output 1
cn Ground positive output 1
Cl3 Input 2
Cl5 Ground input 2
Cl7 Negative output 2
Cl9 Ground negative output 2
C21 Positive output 2
C23 Ground positive output 2

C27, C28 Negative power supply, -15V
C29, C30 Ground power supply
C3l, C32 Positive power supply, +15V

Table D.2: Pin-connection of the switch circuits.

Pin-number Description
2 Power supply, +40V
5 Input

8,11 Ground input
23 CoiJ

26, 29, 32 Ground coil and power supply

Table D.3: Pin-connection of the current amplifier.
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