LEVIBALL
– Magnetic Levitation Kit –

Handbook

A ball of metal levitates free in space, held by a magnetic force,
which compensates the gravity of the ball. Many people are impressed by this experiment. It is the fascination of the weightlessness, which seems to carry us away into magic worlds.
In technical means, the electromagnet needs to be energized
enough, so the ball does not fall down, but not too much, so that
it is not pulled towards the magnet. This sounds not very difficult,
but it is in reality considerably difficult.
The aim of this handbook is to clarify the background, which
leads to a controller that holds the ball in levitation. For this the
technical and physical processes need to be reviewed and the principals of the feedback control applied.
The first step leads to a classic PID-controller, which already satisfies our requirements relatively good. Much better results shows
a state controller. This controller is being drafted and implemented
as a second possibility. Even if it is tried here to explain everything
step by step and to describe understandable, the readers need to
have some means of the mathematical and technical background.
The readers should also be not afraid of terms like differential equations, Laplace-transformation and Bode-diagram.
As mathematical tools the software Matlab/Simulink of MathWorks is being used, which is widely excepted by universities. Alternatively the free software Scilab/Xcos or other can be used.
All described simulation files and software code are to be find
on leviball.com to download.
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The levitating ball as control circuit

The elements of the experimental set-up should be integrated into
a classical control circuit. For this the most important terms are
introduced.
How the experimental set-up works,
is easily described: The electromagnet
is connected to a voltage. This voltage leads to a current flowing in the inductor. The current on the other hand
produces a magnetic field, which exerts
a force on the ball. As this force counteracts the gravity of the ball, it ultimately defines the distance between the
coil core and the ball and with that the
position of the ball in space.
Without looking at the details –
this is done later – all these processes are summarised and displayed
in a block. This block has one input value “voltage” and one output
value “position”. The block is called control path.
It could be possible, to use a power supply with a button to
adjust the voltage. For an example, the ball is supposed to levitate
in a distance of 1 cm. This means, the voltage necessary is adjusted
exactly so, that the gravity of the ball is compensated for the 1 cm
distance and the ball is held underneath the electromagnet. But the
ball does not levitate – unfortunately.
To get the ball levitating however, the position of the ball needs
to be observed exactly and the voltage needs to be skilfully adjusted
over and over again. Unfortunately a person does not react fast
enough, so that he could turn the button for the voltage in time a
little depending if the distance got too large or too small.

Figure 1: Block diagram of the control loop

The adjustment of the voltage must be taken over by a much
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faster controller. For that the position of the ball needs to be measured1 and compared with the chosen position. The controller gets
the difference of the measured and chosen position as input value.
This difference is also called control deviation. The chosen position
correlates with the working point of the controller.
How the controller calculates exactly the voltage, which brings
the ball to levitate, through the control deviation naturally depends
on the control path. Below a mathematical equation is calculated
on the basis of physical laws, which describe the characteristics of
the control path. This procedure is also called modelling.

2

The Description of the “control path”

The control path is divided in two sub-systems: one electrical and
one magnetic-mechanical sub-system:

Figure 2: Configuration of the Control Path

The current, which directly generates through the magnetic field
a force on the ball, is the link between the sub-systems. Both subsystems are modelled (meaning mathematically described) each by
it self and added afterwards.

Electrical sub-system
An electromagnet behaves, in a first approximation, like an electrical coil with an inductive and an ohmic resistance. Both parts are
assumed to be constant here, as they are primarily defined through
the layout of the coil and the wire resistance. (In reality they also
depend on the position and the movement of the ball but the influence is relatively minor.)
1 The position is measured with an optical sensor: A LED sends invisible
light through the gap between magnet and ball. This light is captured by a
sensor vis-à-vis and transfered into a voltage, which correlates to the position
(respectively the disctance) and is available for the control loop.
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Figure 3: Electrical part of the control system

The differential equation is read off directly through the Kirchhoff voltage law:
0 = −u(t) + R · i(t) + L ·

di(t)
dt

(1)

The Laplace transformation leads to:
0 = −U (s) + R · I(s) + L · I(s) · s
Hence the transfer function Gel (s) is deduced as the ratio of output
value to input value:
Gel =

I(s)
1
1
=
·
L
U (s)
R (1 + R
· s)

(2)

In this way one gets a P-T1-element with the P-factor 1/R (this
corresponds with the conversion of the input voltage into a current)
and the first-order lag element (T1-element) with the time constant
T1 = L/R.How to measure the values L and R is described in appendix A.1.

Magnetic-mechanical sub-system
There are different forces affecting the ball. As the ball should not
be deformed but held on the same position, a balance of forces is
assumed, this means the sum of all (vectored) forces accounts to
zero.
The following forces play a role:
– Gravity FG of the ball. This constant force depends on the
mass of the ball:
FG = m · g
(with g the gravity acceleration).
leviball.com
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– Magnetic Force FM . To compensate the gravity a magnetic
force is produced by a current through the electromagnet. The
magnetic force depends on the current i(t), but also on the
position h(t) of the ball.
Both correlations are not linear and with physical laws not
easily describable. That is the reason, why the coherency is
determined experimentally further down.
– Force of inertia Fdyn . Even if the ball is held in levitation,
meaning that the position h(t) is not changed, the control circuit will need to permanently do small correctional movements
of the ball. For that the force of inertia needs to be overcome.
Mr. Newton gives the mathematical correlation as follows:
dv(t)
d2 h(t)
=m·
dt
dt2
(with a(t).. acceleration and v(t).. velocity)
Fdyn = m · a(t) = m ·

– Friction FR . Every small correctional movement of the ball
leads to air friction at the surface of the ball. This friction is
proportional to the movement velocity of the ball:
FR = kR · v(t)

.

There is no good method known how to determine the friction
factor kR . In addition the friction is presumably smaller than
all other forces, so that the friction is left out of the further
consideration.
The magnetic force FM , which effects the ball, depends on the
current i(t) through the electromagnet as well as on the position
h(t) (meaning the distance between the ball and the core of the
magnet). Both dependencies are looked at separately and are afterwards overlain. For that a working point is defined: The position
hAP of the ball is defined as the point where the ball is supposed
to levitate later. In addition, this position is to be held approximately constant. Deviations of the position respectively working
point are only accepted on a very small scale. With that the originally ”bent” characteristic curves can be approximated through a
straight line and described through linear correlations.
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Correlation Magnetic Force - Current:
FMi = f (i) with h = hAP = konst.
The ball is fixed, in thoughts, exactly in the distance – respectively at the position hAP – where the ball is supposed to levitate.
The magnetic force at different electrical currents is examined:
If there is no current through
the electromagnet, it won’t exert
a force on the ball. The higher
the electrical current gets, the
more magnetic force will form.
The direction of the electric current does not play a role, the ball
can only be pulled. With that
enough is known to draw a characteristic curve. (Theoretically
the characteristic curve would be
Figure 4: Force-Current Characquadratic.)
How to find now the work- teristic Curve
ing point on this characteristic
curve? As the magnetic force needs to compensate exactly the
weight of the ball, the value of the magnetic force FAP needs to
correlate with this weight. The electric current in the working point
iAP is exactly the current, which generates this magnetic force.
In the working point a straight line is drawn, with exact the
same slope as the characteristic curve. This line is easily described
mathematically:
FMi ≈ ki · i(t) + Ci
For our model the slope ki does play an important role. How to
determine ki experimentally, is described in appendix A.2.
Correlation Magnetic Force - Position:
FMh = f (h) with i = iAP = konst.
Through the electromagnet a constant electric current is flown,
exactly in the working point iAP . Now the force on the ball, in
dependence of the position h, is of concern. The highest force is
exerted, if the ball is ”sticking” directly on the magnet. The more
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the ball is drawn of the magnet, the smaller is the magnetic force.
Even if the distance between magnet and ball is very large, there
will still be a small force on the ball.
Again in the working point
hAP a line is drawn. This line
has a negative slope.
FMh ≈ −kh · h(t) + Ch
The minus sign is kept here
and in kh only the absolute value
of the slope of the characteristic
curve is used. How to determine
kh experimentally is described in
appendix A.3.
Figure
5:
Force-PositionNow the magnetic force, Characteristic
which affects the ball, can be expressed mathematically by building the sum of FMi and FMh :
FM ≈ ki · i(t) + Ci − kh · h(t) + Ch
This equation is only valid close to the defined working point.
For every other working point different ki and kh , are valid, which
need to be newly determined experimentally.
Balance of forces
Now the sum of all forces which interact with the ball is build.
For this the positive force direction is set to an increasing distance
(receptively position) h. In this way, the magnetic force FM and the
inertial force Fdyn get negative signs:
0 = Fg − FM − Fdyn
d2 h(t)
(3)
dt2
As it is only necessary to have one model for the system, which
applies for the working point and small deviations from it, all constants can be deleted from the equation. (It is important, that
later only the working point is used. This means for the levitating
ball, that there will be a constant component of the current, which
compensates the weight exactly.)
0 = m · g − (ki · i(t) + Ci − kh · h(t) + Ch ) − m ·
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Equation (3) results after the Laplace-Transformation into:
0 = −m · s2 · H(s) − ki · I(s) + kh · H(s)
With that the transfer function of the magnetic-mechanical subsystem is as follows:
k

Gm =

k

i
i
H(s)
kh

kh

=
q
q
m 2 =
I(s)
1 − kh s
1 + kmh s · 1 − kmh s

(4)

Noticeable are two real poles with the same time constants (the
square root results in a value with the unit seconds), where one time
constant is negative. It is a pole with a positive real part:
r


r
m
kh
1−
s = 0 −→ sp1 = +
kh
m
This means, that the transfer function takes on infinite values
for a finite input value. This system is not stable. Transferred
to the levitating ball, this has to be so. Right at the beginning
it was clear, that the ball can never be held levitating without an
additional control circuit and this means, it is not stable.
Now the two transfer functions Gel (s) and Gm (s) are found,
which describe the control path if operated in series. With Simulink
a voltage of 1 V is given into the control path. Then it is observed
how the current and the position behave (in the appendix A.4 the
simulation is explained in more detail).
After the voltage has reached 1 V (figure 6), the current slowly
increases (one can see it here only slightly, as the current reaches
only 0.1A). With that the position of the ball is changed too, it
becomes smaller (the ball moves in negative h-direction, meaning
towards the magnet). As the model doesn’t know, that the ball has
somewhere a limit, it will hit the magnet. The extinction of the
position in the infinite shows the not stable behaviour of the control
path.
For the mathematical model the (constant) weight of the ball
has been neglected. That is the reason, why the ball moves already
at a very small current. It has to be considered, that the model only
applies in the chosen working point. In the diagram it has been set
to ”0”. As the model is linear, a different working point would just
mean a shift of the curves along the y-axis.
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Figure 6: Step function response of the control path (simulation as
described in appendix A.4)

3

The PID-Controller

A control unit design for not stable control paths is not easy done,
as empirical methods (f.e. Ziegler/Nichols) do not work or do take
a very long time (f.e. with an experimental try and error). One
possibility is the application of the stability criterion of Hurwitz.
This demands a lot of mathematics and is relatively inflexible.
We will design the PID-controller with the Bode-diagram of the
loop transfer function. To get stable systems the passage of the
amplitude through the 0-dB-axis needs to happen, when the phase
shift is above −180◦ .
The loop transfer function consists of the product from control
path and PID-controller. First we have a look only on the control
path:
KS
GS (s) =
(1 + Tm s) (1 − Tm s) (1 + Tel s)
(with KS = ki /(kh · R).)
The phase shift (lower graph in fig. 7) starts below -180◦ and
decreases farther with higher frequencies. To satisfy the Nyquist
stability criteria the controller must lift up the phase. So we choose
first a PD-controller as follows:
GR (s) = KR · (1 + Td s)
The time constant Td determines the angular frequency ωd = 1/Td
leviball.com
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Figure 7: Bode-diagram of control path GS (s)

to shift up the phase. We have choosed with ωd = 15 rad/sec the
time constant of Td = 1/15 sec. Figure 8 shows the Bode-diagram
of the loop consisting of this PD-controller and control path: there
is a small range of ω with phase shift above −180◦ .
The stability criterion of Nyquist demands that the passage of
the amplitude through the 0-dB-axis (upper graph in fig. 8) needs to
happen, when the phase shift is above -180◦ . This can be achieved
with increasing the gain KR of the PD-controller. This results in
a movement of the amplitude curve along the y-axis. The result is
shown in figure 9.
At last we add an I-component to the controller. So the ball
will levitate exactly at the aspired working point. We choose the
I-time constant TI 8 times greater than Td and get the following
PID-controller:


1
GR (s) = KR 1 +
+ Td · s
8 · Td · s
with KR = 1400 and Td = 1/15 sec.
The step function response of the simulated control loop (see
appendix A.5) shows, that the PID-controller is able to stabilize
the system respectively achieves a levitation of the ball. However,
there is a wide overshoot and also it needs several seconds to reach
the final position.
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Figure 8:
KR =1)

Bode-diagramm of PD-controller and control path (with

Figure 9:
KR =1400)

Bode-diagramm of PD-controller and control path (with
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Figure 10: Step function response with PID-controller

In what way the control-unit has to be programmed for that
is explained in appendix A.6 (with Arduino IDE) respectively A.7
(with the Simulink-Arduino-library directly from the Simultaneous).
The time constant Tel of the electromagnet is very large compared with the mechanical time constant Tm . So it needs relatively
much time to affect the mechanical system ”through” the electromagnet.
The next section describes, how we can get much better control:
A second ”underlying” controller will reduce the time constant of
the electromagnet.

4

The cascade controller

The control path consists out of two sub-systems: the electrical
and the magnetic-mechanical sub-system. It is a disadvantage for
controlling that the electrical sub-system has a time lag, as it counteracts the fast access to the magnetic force (correlating the current
through the electromagnet).
With an additional controller the electrical sub-system is going
to become faster. This controller gets the current through the electromagnet as additional information, and causes the delay of the
electrical sub-system to decrease decidedly. With that it is possible to access the magnetic force much faster and to control the
levitation much better.
The right block ”Electromagnet” of the control path from figure
2 is getting the structural addition of figure 11.
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Figure 11: Cascade controller for electrical sub-system

For the PI-controller the transfer function is as follows:


n
1
GPI (s) =
· 1+
KS
Tel · s

(5)

Here the Tel stands for the already known time constant L/R of
the electromagnet. n is the factor, by which the sub-system is
made faster. This factor can be chosen freely, but it needs to be
considered, that the manipulated variable u(t) will take the n-fold
amplitude. Here it was decided that n = 4 is used and the results were very good. KS is the amplification factor of the electrical
sub-system: KS = 1/R.
The new sub-system consisting of electromagnet and PI-controller
has got a behaviour like a simple T1-element with the new, faster
time constant Tel0 :
Tel0 = 1/n · Tel
As the cascade controller controls the current through the electromagnet, there has to be an additional block with KS at the input.
With that the original input value voltage can be used2 .
Figure 12 shows the bock diagram of the entire control loop
expanded with the cascade controller.

Figure 12: Control loop with cascade controller

This new control loop must get a new design for the controller
(we can not use the founded values of section above). As a new
2 This K is mathematically incorporated direktly into the amplifying factor
S
KR (fig.12). Surely the controller could be designed for the current as input
value, in this case, the block KS can be omitted.
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variant we choose the Symmetrical Optimum. The transfer function
of the control path has got three time constant: the two large time
constants of the mechanical sub-system Tm and the new smaller Tel0
from the combination of electromagnet and cascade controller.
For this case the Symmetrical Optimum requires the following
PID-controller:


1
0
GR (s) = KR 1 +
+
4T
·
s
el
16Tel0 · s
2
with KR = Tm
/(8KS · Tel0 2 ).
The simulation shows (compare with appendix A.5), that the
PID-controller does not yet lead to the desired result. To fulfil the
stability criterion of Nyquist, the gain KR of the PID-controller
must be increased by a factor of 5.
Now a better controller is found and the ball can levitate. In
figure 13 both step function responses are shown in comparison. The
Cascade-control reduces the overshoot substantially and results in
very stable levitation.

Figure 13: Step function response with PID-control (red) and with
cascade-control (green)

5

State control of the levitating ball

Up to now the control path had a single loop: The distance of the
ball was measured and used to control the voltage at the electromagnet. Much better results are obtained, if in addition to the
output value the information is used, which informs about the inner
leviball.com
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state of the control path. This makes sense right away, the more is
known about the controller, the better it is able to respond (if people have to decide on difficult decisions, they also collect as many
information as possible).

Modelling of the control path in the state space
In the feedback control these additional informations are called state
variables x. x is here a vector, which means, that in x several physical quantities are contained. In order to access the state variables
the description of the control path with one transfer function as
above is not enough anymore. The control path needs to be described with differential equations (DE), where each state variable
has its own first-order differential equation.
Equation (1) is a DE for the electrical subsystem. Here it is
shifted towards the derived current i(t), the first state variable:
di(t)
R
1
= − i(t) + u(t)
(6)
dt
L
L
The DE of the mechanical subsystem has a second derivation
(compare with equation (3)). This derivation needs to be split into
two DEs, each of first order. For that in addition to the state
variable position h(t) the state variable velocity v(t) of the ball is
implemented. The velocity correlates with the change of the position
and gives an additional (very simple) DE:
dh(t)
= v(t)
dt

(7)

With this equation (3) becomes also a first-order DE (here also the
constant values are eliminated):
ki
kh
dv(t)
= − i(t) + h(t)
dt
m
m
With that the
state space:

−R/L
dx(t) 
= −ki /m
dt
0

(8)

control path is transferred into a model in the
0
0
1




0
1/L
kh /m x +  0  u(t)
0
0




i(t)
with x = v(t)
h(t)
(9)
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In the first row equation (6) is found, the second row contains
equation (8) and the third row equation (7). The big square matrix
is called system matrix A, in it all important system characteristics
like the time constants or informations about the stability are contained. The vector ahead of the correcting variable u(t) is called
input vector b. The output value h(t) can be determined by multiplying the state vector x with the output vector cT :
h(t) = [0 0 1] · x

(10)

The state controller
In the block diagram (fig. 14) the control path is now shown with the
matrix A and the vectors b and cT . Through the control vector k all
three state values x are lead back to the input of the control path.
The control vector k adds the state values in suitable weighting
and generates exact the voltage u(t) at the electromagnet, which is
necessary to let the ball levitate.

Figure 14: Block Diagram of the Controller in State Space

The most important characteristics of the control path are contained in the system matrix A and are derivated from the eigenvalues. If the system matrix in Matlab was defined for example
through the input of
>>A =[ - R /L , 0 , 0; - ki /m , 0 , kh / m ; 0 , 1 , 0]

(even the constants need to have numerical values assigned, see appendix A.9), the eig(A)-command results in the eigenvalues:
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>> EW = eig ( A )
EW =
59.1608
-59.1606
-32.0513

(here for the working point hAP = 4.5E − 3). The eigenvalues
correspond with the poles of the transfer function. Noticeable is
especially the value of +59.1608. It results from the ”negative” time
constant, as already described above. This (positive) pole indicates
the instability of the system.
To design a controller in state space, the method of pole specification after Ackermann is used. As the control path has three
poles, three new poles need to be picked, which are than included
in the system, when the control is completed. For a stable control
it is important to only choose negative poles. Theoretically the system can now be controlled as fast as wished, which means choosing
large values for the poles. Practically there are restrictions, because
the regulating unit can not take unlimited values. Particularly the
voltage u(t) can not get higher than the supply voltage (24V...30V)
and also never fall below 0V (and so exercise a repellant force on
the ball).
As new poles for the controlled system three identical, real poles
were chosen:
>> p1 = -105;
>> p2 = p1 ;
>> p3 = p1 ;

Together with the input vector b the elements of the control vector
k are calculated:
>>k = acker (A ,b ,[ p1 p2 p3 ])

The acker -function is included in the Control System Toolbox of
Matlab. Without this Toolbox the elements of the control vector
can be calculated with the script in appendix A.9.1.
The programming of the control-unit with the sate controller
and Simulink is explained in appendix A.10.

State controller with I-portion
he state controller designed so far has the disadvantage, that continuous disturbance can not be balanced out. Such permanent disturleviball.com
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bances can develop through, for example, inaccuracies in modelling
of the control path (the experimental determination of ki and kh )
or the heating of the electromagnet. In addition it is possible to
remove the ball comparatively easy from the magnet by hand, as
the controller does not feel the urge to work against the permanent
”wrong” position.
To better compensate these disturbances, an integrator needs to
be build into the control circuit. The integrator ”adds” permanent
disturbances together until the ball has taken again the exact desired
position.

Figure 15: Block Diagram of the control system with additional integrator

This means for the control path, that there is now an additional
pole, the one of the integrator at s=0. For the control unit design
the system matrix A and the vectors of the state space need to be
adjusted (see appendix A.9, at the end of the script) and the pole
specification has to be repeated with four chosen poles:
>> ki = acker ( Ai , bi ,[ ps1 ps2 ps3 ps4 ])

The controller k results from the first three elements of ki. The
fourth element is integrated (negatively) into the amplification factor of the additional integrator. A prefilter F is now not any more
necessary.
The conversion for the control unit is carried out in a similar
manner as in appendix A.10. Here it is possible to do without the
shift of the working point, as the i-portion of the control circuit
automatically leads to the specified position hAP . The position hAP
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only needs to be input as Final Value (for example 0.0045) in the
step-function.
The result is a controller, which brings the ball to levitate very
stable. If someone tries to pull the ball of the magnet (carefully), one
really feels how the controller applies more power and the position
of the ball is kept. If the device for the power supply has a display
for current, it is noticeable how the current increases.

6

Outlook

Who has read this far, has maybe fun to try out more. Here are
some ideas on what else is possible with the experimental setup of
the magnetically levitating ball:
– State controller with observer. There is not always the
possibility to measure all state variables (or to calculate them
from a different state variable). A observer is able to provide
even not measurable state variables.
If the current here very conveniently measured is not available
(for example, if the necessary hardware is to be economised),
it is easily reconstructed with an observer and the state controller can be constructed never the less.
– Noise added measuring signal. The state variable velocity is calculated here through the derivation of the position.
As the position is measured very precise (with a lot of effort)
and especially very low-noise, this method works very good.
But how much noise does the controller tolerate? If the state
variable velocity is provided by the state observer and was not
calculated from the derivation of the position signal (now possibly noise added), a higher portion of noise in the measured
position can be handled.
Through the still open input A5 of the control unit it is possible to input a defined noise signal with a function generator
and to add it to the measured position signal in order to study
it.
– Non-linear control. The ball could be levitated in working
points between 3 and 7.5 mm. Certainly, every working point
expects a different system model, especially the values ki , IAP
leviball.com
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and the suitable poles of the controller do vary. To be able
to set all working points for example through adjusting the
potentiometer, a control algorithm needs to be found, which
adapts itself to each particular working point.
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Appendix
Defining of R and L of the Electromagnet

The DC resistance of the electromagnet is easily measured with a
multimeter. But to define the inductance L is much more difficult. Our measurements with a RLC meter vary strongly with the
adjusted measuring frequency. The assumed equivalent circuit diagram is inapplicable for alternating currents because of the used
iron core. Essentially the time constant L/R is the one interesting
for this model. This is easily deter-mined out of the step response
of the T1-element: A step is given on the input – this means for the
electromagnet that a voltage is connected – and the output value
is recorded with an oscilloscope. The output value proceeds like an

Figure 16: Flow of the Current through the Electromagnet

e-function and converges towards a terminal value. When it reached
about 63% of the terminal value, the time corresponding the time
constant T1=L/R has passed.
The output value is the current through the electromagnet. Unfortunately it is not measurable directly with an oscilloscope. In
the lab there was a measuring calliper, which transfers the current
in a proportional voltage. Alternatively a shunt resistance with 100
mΩ could be integrated into the wire, with which a voltage could
be measured, which would be proportional to the current.
Important: Parallel to the inductor there has to be a diode implemented into the wire, in order to not destroy the switch when
opening. Without the diode there are momentary very high volt-
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ages at the switch! The diode has to withstand the inductor current
imax = umax /10Ω as highest current.
Important: If these measurements are done with voltages
too high, the electromagnet can
warm up significantly. The suggested voltage should be less
than 8 V!
The diagram (figure 17)
shows the results of the measurements. As it happens, the time
constant is dependent from the
distance (respectively position) and from the size of the ball.

Figure 17: Measured Time Constants of the Electromagnet

To receive the inductance, with which it is possible to describe
the model, the time constant T1 needs to be read off for the defined working point hAP and multiplied with the ohmic resistance
of R=10Ω.

A.2

Experimental Determination of ki

In figure 18 the schematic experimental set-up is shown. The stand
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Figure 18: Experimental set up to determine ki and kh .

with the electro-magnet is placed on the side and fixed as to prevent
it from wobbling (it is for example possible to put books or similar
stuff underneath the aluminium profiles). The ball is suspended in
such a way, that it is able to move freely in the horizontal. For that
the ball could be suspended in a thin net (we used nylon stockings).
It is also possible to hook the dynamometer in this net. With the
dynamometer a defined force can be exercised onto the ball.
Before the first measurement is exercised, a working point (hAP )
needs to be defined. The optical sensor can register positions between 2 mm and 9 mm. The working point should not be too close
to the magnet (it would have to be possible for the magnet to push
the ball off during controlling, but the magnet is not able to). In
addition it is not possible to work at a distance too large, as the
necessary current would warm up the electromagnet to much. For
the large ball the experience with a working point between 3, 5 mm
and 6 mm was very good. The small ball can have a distance up to
7 mm.
In order to keep the ball during the measurements in the correct working point, a distance piece in the appropriate thickness
is needed, which is out of non-magnetic material. Before looking
for some piece of wood or aluminium it is better to use a stack
of business cards or a deck of cards and put exactly as many on
top of each other as are necessary for the working point. Later (in
appendix A.3) this will be very useful.
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1. The weight of the ball is being defined with the dynamometer.
For that the net (nylon stocking) is hang at the dynamometer
and the value is read off.
2. The electromagnet is connected with an adjustable voltage
supply (for example a laboratory power supply) and in addition an ampere-meter is connected into the wire.
3. From now on 3 or better 4 hands are needed. Ball, electromagnet and dynamometer are going to be arranged as figure
17. A current of about 800 mA is flown though the electromagnet (this means, the voltage is increased – to around 8 V
– until this current is displayed).
4. The dynamometer is pulled in the direction marked with an
F until the in (1) measured weight is shown exactly. At the
same time the ball is not yet allowed to loosen off the magnet,
otherwise the current needs to be increased.
5. The voltage is being slowly decreased. At the same time the
current on the ampere-meter is checked precisely. The dynamometer still pulls with the exact weight at the ball.
6. At a certain current the ball looses itself off the magnet. The
magnetic force, which is produced through this current, is now
slightly smaller than the weight of the ball. With that the
necessary current iAP is defined, which later compensates the
weight of the ball through the magnetic field. In a diagram
(like figure 4 on page 5) this measuring point can be plotted.
7. Through the electromagnet a current is flown, which is about
50 mA smaller than iAP . With the dynamometer it is again
pulled on the ball. In doing so, the force is very slowly increased until the ball loosens off the magnet. With that an
other measuring point for the diagram is found.
8. The former point (7) is repeated for further currents (for example 100 mA smaller than iAP , 50 mA and 100 mA larger
than iAP ). The measuring results are plotted into the diagram.
Now a straight line can be drawn through the working points.
The slope of the straight line is calculated from ∆FM /∆i. We,
for example, did measure ki = 3.7 N/A at a working point of
6 mm and ki = 5.5 N/A at 4 mm.
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For good results it is necessary to do many repetitions and to
have an especially steady hand at the dynamometer. Repeat the
measurements until you get again and again similar results.

A.3

Experimental determination of kh

With the experiences from the former instruction, kh is determined
in a similar way. The same horizontal setup of the experiment (figure
18) is used.
1. The exact current iAP is flown through the electromagnet.
This current is not being changed.
2. Between the ball and the electromagnet are again exactly as
many cards as are necessary for the distance hAP . The ball is
drawn towards the electromagnet.
3. The force of the dynamometer is very slowly increased, until
the ball loosens up. (These measurements were already executed in exactly the same way, which means they should have
approximately the same result.) The result is plotted in a new
diagram (as figure 5 on page 6) at h = hAP .
4. This measurement is repeated at different distances between
magnet and ball. For this the amount of cards is varied and
the forces for several distances larger and smaller that hAP are
determined.The thickness of the card deck can be determined
once with a calliper gauge and than the thickness of one card
is calculated. The cards used here were about 0.33 mm thick.
As the electromagnet warms up during the measurements, the
voltage needs to be readjusted – so that the desired current
flows always exactly.
5. 5. The results are plotted in the diagram. At the working
point hAP a straight line is drawn. The slope of the straight
line is calculated: kh = ∆F/∆h. As agreed above, only the
absolute value on kh is used.
For the large ball a kh = 700 N/m and for the small ball a kh = 200
N/m were determined. The choice of the working point hAP did
almost have no influence on kh .
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Simulation of the control path with Simulink

Matlab/Simulink is a graphic simulation tool. The work here is
done with the version R2014a. A little experience in working with
this software is required.
All constant parameters, with which the Simulink model is supposed to work, are defined in a m-file. Is the m-file executed once
before the simulation with Matlab, Simulink will use the defined parameters. Instead of numbers, it is possible to input variables into
the blocks of the simulation model. The m-file could be as follows:
% execute before the start of the simulation file
ki =5
% increase of the i -F - characteristic curve
kh =700 % increase of the h -F - curve ( absolute value )
m =0.2
% mass of the ball in [ kg ]
L =320 E -3 % inductance in [ H ]
R =10
% resistivity in [ Ohm ]

The block diagram consists of the Step-function (under library Simulink/Sources), two Transfer-Fcn (Simulink/Continuous), the Scope for
display (Simulink/Sinks) and the multiplexer Mux (Simulink/Signal
Routing).

Figure 19: Block diagram of the control path in Simulink

Into the Step-function the step is input with a value of 1, the
Step-time is defined as 0.1. For the Transfer Fcn Simulink needs
vectors, which describe the numerator and denominator polynomials
of the Laplace variable s. For example is the value [ki/kh] input as
Numerator coefficients for the right Transfer Fcn G m and for the
denominator coefficient [-m/kh 0 1].
As the value of the position in the simulation reaches very fast
very high values (Simulink terminates with an error message), the
simulation is run for only 0.3 seconds.
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Simulation of the control loop with Simulink

More constants have to be entered in the m-File:
AP =0.0045 % operating point in ( m )
Tel = L / R
% electrical time constant
Tm = sqrt ( m / kh ) % mechanical time constant
Td =1/15;
%D - time constant
Kr =1400;
% control gain

The Simulink model is extended into the control loop. For this the
mathematical form of a PID-controller is simulated: The control
gain Kr together with an amplifier (Gain) is put in front of the
”parallel circuit” of P (only the signal wire), I and the D-part. The
D-element here is simulated with a D-T1-element.
As max step size the input has to be a value in the adjustments
of Simulink (Model Configuration Parameters/Solver ), which is definitely smaller than the value 0.01·Td for example E-4 (compare
figure 21).

Figure 20: Block diagram of control loop with Simulink

As the control path works inverting (compare figure 6), the control gain Kr has to have a negative sign too.
The step function at the input of the control loop should adopt
the working point of 4.5 mm. Hence the value 0.0045 is the input
for the Final Value. (Simulink is not interested in unities. Here for
the physical parameter position the unit m is used.) The input of
the Denominator coefficients is [Ti 0] for the I-control block.
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Figure 21: Parameter for the configuration of Simulink

A.6

Programming the PID-controller with Arduino IDE

On the website www.arduino.cc there is a free software Arduino
IDE (= Arduino Integrated Development Environment) to download for programming the micro controllers of the control unit. The
USB-drivers for the activation of the Arduino-boards need to be
implemented during installation.
After the installation, add the interface for the Arduino Due
Board. For that, select in the installed software Arduino the board
controller (menu tools.... board ”Arduino xxx”... board controller...)
and choose with help of the search function (”Due”) the package Arduino SAM Boards and install it (figure 22).

Figure 22: Driver for Arduino Due in the IDE

Afterwards choose the board ”Arduino Due (Programming Port)”
under tools...board... There is a ready-made program (leviball PID.ino)
under downloads on leviball.com, which can take over all functions of the PID-controller.
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The file leviball PID.ino is saved and opened with Arduino IDE.
With this the IDE moves the file in a sub directory with the same
name.
Starting with line 42 input the parameters for the PID-controller
as well as the operating point for position and current. To transfer
the program into the control unit connect the USB-plug to the PC
or laptop. Prior to that disconnect the supply voltage from the
control unit.

Figure 23: leviball PID in the Arduino IDE

One click onto the round symbol with the arrow (”upload” in
picture 23) loads the software on the Arduino Due Board.
From time to time the Arduino Board was not recognized right
away on our PC at the USB-interface. In this case, pressing the
start button (triggering a reset of the Arduino-board) can produce
the right order.
With the potentiometer on the control unit, varying the amplifying factor KR after programming is possible. In this way the
amplifying factor is also adjustable during levitation of the ball.
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Programming the PID-controllers with Simulink

With Matlab/Simulink (starting with version 2013a) the ArduinoDue-Board is directly programmable from the Simulink model. The
relevant hardware support package is installed through the Matlabsurface (Figure 24).
For this it is necessary to
have a (cost free) account at
Mathworks. Afterwards the new
library Simulink Support Package for Arduino Hardware is
available in the Simulink Library
Browser (Figure 25). To control
our levitating ball only the two
blocks Analog Input and PWM 3
are necessary.
The Simulink model for controlling the levitating ball with
a PID-controller could have the Figure 24: Get Hardware Support
structure shown in Figure 26. Packages
The green rectangles mark the
known blocks of a control loop:
the control path and the controller. The green boxes mark the already known blocks of the control loop: the control path and the
controller.
The control path exists now only out of the interfaces for the
practical structure:
1. The PWM-block feeds the H-brigde and so the electromagnet.
The variable, which is calculated from the controller – in this
case the voltage in [V] – is adjusted in block Volt2PWM to
the range of the PWM. The offset block causes a PWM signal
at a wanted input voltage of 0V with a symmetrical pulse control factor at the H-bridge. The Saturations block limits the
PWM-signal between 127 (0V) and 254 (= 30V corresponding
to the highest voltage).
2. The sensor signal of the optical distance sensor is determined
through the Analog-Input block. Here the block Volt2Gap
3 puls-width-modulation, digital signal with constant frequency and varied
pulse width
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Figure 25: Arduino Library in Simulink

converts the measured voltage in a equivalent position in the
unit [m].
The controller is build out of the digital variant of our PIDstructure. The parameters amplifying factor KR and both time
constants (related to the Sample-Time Ts) are input into the Gainblocks.
In a digital system the controlling is implemented through a
periodical process routine. In praxis the routine would have to be
called on regularly for example through a timer and a subsequent
interrupt. The Simulink-model is also called on periodically, without
taking care of the timer and the interrupt. The periodic duration
is then defined in all Input blocks and Sources. For that our one
loop control circuit needs the input of the Sample Time in the Step
block and the Analog Input block (Figure 27). Our measurements
show that Simulink produces reliable results up to a Sample-Time
of 0.001 seconds corresponding to 1 kHz scanning rate.
leviball.com
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Figure 27: Definition of the scanning rate of the Simulink model

The working point xAP – the wanted position of the ball – is
input furthermore in the field Final value in the Step block in the
unit [m].
It is especially practical, to be able to take influence on the parameters of the controller even during levitation. As most important
parameter of the controller, the amplifying factor KR should be tunable. For that the control unit was equipped with a slider, which
brings a changeable voltage to the Analog-Input A2 of the Arduino
boards. So there is a variable, who’s value is adjustable through the
slider between 0 and 1023.
With a scaling factor and a multiplication the amplifying factor KR is now manual adjustable to an optimum during levitation
(Figure 28).

Figure 28: Variable amplification with the slider
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Figure 29: Converting the Simulink-model into a program code

One click on the symbol of the interface (at the top to the right,
Figure 29) converts the Simulink-model in executable codes for the
Arduino-Due-Board and transmits it through the USB-interface.
In our version of Matlab it does not always recognize the COMinterface reliable: In this case a lot of error messages appear, which
are difficult to understand. Most of the time it helps a short disconnect and connect of the USB-plug and another producing of the
code.

A.8

To bring the ball to levitate

After the program has been loaded on the Arduino-board, the USBcable is disconnected. To feed-in voltage a laboratory power supply
with 30 V is connected (voltages starting with 24V work too). It
has to withstand a current of at least 1.2 A.
– The electric magnet is connected to the yellow socket.
– The black cable with the headphone jack is connected with
socket A4. A green LED needs to illuminate underneath the
sensor.
– The slide potentiometer needs to be in about the middle position. The amplifying factor KR can be adjusted with the
potentiometer.
– The ball is put on the flat hand and held underneath the electromagnet. It is no problem, if the ball touches the iron core.
But it is important, that the optical sensor is not screened,
meaning no finger (for example the thumb) should hide the
sensor.
– With the other hand push now the start-button. It reacts to
the releasing (!) of the button. Now move the ball slowly a bit
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to the bottom. After one or two seconds, the electromagnet
takes over the ball – and the ball levitates.
To do this, some experience helps. It is especially important, to
find the right position of the ball. Otherwise the controller is not
able to balance the deviations. The controllers which are presented
here have an I-part. This means, that the deviation after the startsequence between the actual position of the ball (which is still held
with the hand) and the wanted position is being ”integrated”. If
the ball is held to close to the electromagnet, it can take a while
(some seconds) until the ball is taken over.
If the ball doesn’t levitate:
– Is there enough current? If the power supply has a current
limitation, which does not allow at least 1.2 A, the voltage
can collapse during the starting sequence.
– Is a limitation of the correcting element programmed? If the
H-bridge does not switch between 20ms even for a short time,
the current through the electromagnet is switched off. This is
a protective function and should prevent the overheating due
to errors for example during programming. Because of that,
the PWM-outlet of the Arduino-boards can only be triggered
with values between 1....254.
– Is the optical sensor able to measure error free? The sensor
is disturbed if there is modulated IR light around. This can
happen if there is another test station close by or due to LED
lighting. At the BNC jack, the sensor signal can be gripped
and shown on a oscilloscope. There should be a d.c. voltage
between 0.1 V and 1.9 V (dependent of the masking through
the ball) and a noise of less than 10 mVRMS . Normal sunlight
does not disturb the sensor.

A.9

Matlab-Script for the State Control

In the m-file all parameters of the control path are defined and the
control vector k calculated. The specified numbers are examples
– in this case for the working point hAP = 4, 5mm – and can be
changed. If the script has been processed once in Matlab, all used
variables are also available for the simultaneous.
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The here used acker -function is a component of the control system toolbox of Matlab. In the appendix (appendix A.9.1) is a script,
with which the acker -function is calculated without this toolbox.
The lower part of the script does refer to the state controller
with I-portion from chapter 5.
% state controller levitating ball
R =10;
% coil resistance ( Ohm )
L =0.312;
% coil inductance ( H )
kh =700;
% strength - path gradient ( N / m )
ki =5.3;
% strenght - current gradient ( N / A )
m =0.2;
% mass of the ball ( kg )
AP =0.0045;
% working point ( m )
IAP =0.7;
% current in the working point ( A )
Tsample =0.001
% sample time ( sec )
% model
% state vector : i ( t ); v ( t ); h ( t )
A =( - R /L , 0 , 0; - ki /m , 0 , kh / m ; 0 , 1 , 0) %A - matrix
b =(1/ L ; =; 0); %b - matrix
ct =(0 , 0 , 1);
% ct - matrix
EW = eig ( A )
% pole position of the system
% specification of the wanted pole positions
p1 = -105;
p2 = p1
p3 = p1
% calculating of the controller
k = acker (A ,b ,( p1 p2 p3 )) % control vector k
F =( ct *( - A + b * K )^ -1* b )^ -1 % prefilter
% insert an additional integrator
Ai =( - R / L 0 0 0; - ki / m 0 kx / m 0;0 1 0 0; - ct 0)
EW_i = eig ( Ai )
% gives an additional pole at 0
ps1 = p1 % specification of the poles , here only real poles
ps2 = p1
ps3 = p1
ps4 = p1 % additional specified pole
ki = acker ( Ai , bi , ( ps1 ps2 ps3 ps4 ));% ki .... controlling vector
Kontrolles = eig ( Ai - bi * ki );
% results in specified poles
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Matlab-Script for the acker -function

The controlling vector k T is calculated through the coefficient of
the polynomial of the specified poles n0 , n1 , n2 , ... the last line of
the inverse controllability matrix and the system matrix A. This is
called ”Pole specification according to Ackermann”.
The following script calculates the controlling vector k T for systems in third order. There have to be 3 identical poles specified.
% pole specification according to Ackermann , n =3
A =(1 2 3; 4 5 6; 7 8 9 );% input system matrix
b =(0;0;1)
% input the input vector
% specified poles of the controlled system
p1 = -4;
p2 = p1 ;
% all poles are identical
p3 = p1 ;
% polynomical n of the specified poles
n2 = -3* p1 ^1;
n1 = 3* p1 ^2;
n0 = -1* p1 ^3;
% inverse controllability matrix
iS =( b A * b A ^2* b )^ -1;
% last line of the inverse controllability matrix
lZ = iS (3 ,:);
% controlling vector k
k = lz *( n0 * eye (3) + n1 * A + n2 * A ^2 + A ^3);
Kontrolle = eig (A - b * k );% results in specified poles

For systems in fourth order (for example the state control with
I-portion) the polynomial needs to be matched through the specified
poles. Here is the script, which replaces the acker -function at n=4:
% pole specification according to Ackermann n =4
A =(0 1 2 0;
0 0 1 0;
0 8 0 1;
-1 -4 -6 -4);
b =(0; 0; 0; 1);
% specified poles of the controlled system
p1 = -4;
p2 = p1 ; % only identical poles
p3 = p1 ;
p4 = p1 ;
% taxonomical n of the specified poles
n3 = -4* p1 ^1;
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n2 = 6* p1 ^2;
n1 = -4* p1 ^3;
n0 = 1* p1 ^4;
% inverse controllability matrix
iS =( b A * b A ^2* b A ^3* b )^ -1
% last line of the inverse controllability matrix
lZ = iS (4;:);
% controlling vector k
k = lZ *( n =* eye (4)+ n1 * A + n2 * A ^2 + n3 * A ^3 + n4 * A ^4);
Kontrolle = eig (A - b * k )% results in the specified poles

A.10

Software of the state controller

The simulation model (Figure 30) needs to be implemented on the
Arduino-board of the control unit.
A The correcting variable, the voltage for the electromagnet, is produced through pin 9 of the Arduino-board.
B The distance of the ball (h) is measured through the optical sensor and is available at pin 4.
C The current i(t) through the electromagnet is measured in the
control unit and recorded at pin 3.
D The velocity v(t) cant be measured directly. It can be calculated
through a change in the position.
The state controller has been developed for a working point hAP = 0.
As the ball has to levitate in a certain distance hAP > 0, the working
point needs to be shifted and the block diagram needs to be adjusted
at some points:
E An additional d.c. current needs to flow through the electromagnet, which compensates the weight of the ball. The analogous
voltage of the control element is produced out of the known current iAP though the conversion with R and is added to the control
element.
F The ampere-meter (Arduino pin A3) in the control unit measures
the actual current, which means also the additional d.c. current.
This means, the state variable i(t) is to large. So the d.c. current
iAP is subtracted again.
leviball.com
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G The measured position also has to be corrected and is shifted
according to the actual working point.
H All state variables are now available for the controller k k.
I The Step-function at the input is absolutely necessary, so that
the block diagram can be transformed through Matlab/Simulink
in a program code, which periodically executes the control loop.
However, the controller works in the working point hAP = 0.
This means, that the step height is put on 0 (figure 31) The
prefilter F loses its function also and could be omitted.

Figure 31: Parameters of the step block

J With the potentiometer on the control unit it is possible to shift
the working point during levitation and to find an especially good
position for the ball. In addition, the value of the potentiometer is monitored at pin 2 and after a recalculation added to the
position signal.
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