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Abstract

The aim of this work is to design and build a device to help students to
visualize and understand theoretical concepts in control engineering. For the
sake of simplicity and low cost, a process consisting of a ball levitating by
air flow controlled by arduino is considered. The control objective is to make
the height of the aerodynamically levitated ball track a reference trajectory
by manipulating the voltage of the blower which is the actuator. A shell has
been developed in Matlab Simulink to provide communication with the real
plant.

Keywords: arduino, simulink, air levitation control, data acquisition,
control engineering education.
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Sommario

Lo scopo di questo lavoro è stato di sviluppare un dispositivo di labora-
torio, di semplice utilizzo ed economico. Il dispositivo consiste in una palla
levitante, mantenuta ad altezze definite grazie a un getto di aria erogato da
un piccolo sistema di ventilazione. Nella tesi sono affrontati e discussi i prin-
cipali problemi costruttivi, di analisi del dispositivo, e di progetto preliminare
di un sistema di controllo dedicato.
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Chapter 1

Introduction

The aim of this work to design, realize and test a laboratory setup for
educational purposes in control engineering. In particular, the target was
to design and build a real system and to attain real-time control of the ball
position floating in the air current. The device has a variable speed drive
which is a 12 V DC blower, the communication between the drive (blower)
and PC is handled by Arduino which receives measurements from infrared
(IR) sensor. This device would enhance the understanding skill of students
by providing proper balance between the theoretical concepts and practical
knowledge.

It is worth to notice the complexity of the system dynamics. In [11], a
similar setup is devised. In this work the selection of the fan is carefully
discussed and an experimental analysis of the actuator is provided. In the
literature, a complete dynamic model of this system has not been developed
based on the physical equations, due to many complex phenomena, e.g., lat-
eral and horizontal oscillations, rugosity, lack of sphericity etc.

The majority of the studies and experiments related to ball levitation [5]
[6], consider three different forces, which will be explained in later chapter.
In [5], the vertical pressure gradient force and the ball height is discussed.
This force has been theoretically estimated based on the equations in [5] [9].
Here, a model is designed from experimental data. The identification of loop
transfer function is carried out in the frequency domain with the open loop
tests performed over the system. Like in [1] [6], the oscillations were observed.
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This report is further orgainsed in the following way. In Chapter 2, the
description of setup, the working principles of the system and the forces
involved in the system are discussed. Also, a prelimenary analysis of the
experimental setup is carried out. The design of the setup and choice of
components are thoroughly discussed in Chapter 3. Chapter 4 presents the
limitations in the system, signal analysis to characterise the system, open
loop tests and the design of preliminary control. The results and comparison
of closed loop performance with open loop is Carried out in chapter 5, along
with some conclusions.

2



Chapter 2

Physics and Process setup

The first theoretical analysis of the phenomenon of holding a sphere in a
fluid jet dates back to 1870. That year Reynold published a paper describing
experiments with ball suspended by vertical jet of water. He noticed a re-
markable phenomenon: when he tried to move the ball away from the centre
of the jet, it always moved back to the centre. The lateral restoring force is
due to the adhering effect of the fluid to the solid surface and he observed
similar effect in submerged jets. Later on, in 1936 this phenomenon was
identified as Coanda effect, named after Romanian inventor Henri Coanda,
who claimed that a jet tends to flow along the curved surface of a solid body,
when it is inserted partially in the jet. Also another phenomenon referred
as Coanda effect states that, a thin fluid jet, if tangential to a curved sur-
face, will bend and flow along the solid surface, which may take very large
turning angles sometimes. This effect is well defined by Bernoulli’s equa-
tion, which will be explained later in this chapter. An experimental study [1]
of solid sphere suspension by different fluid jets shows that it is a complex
phenomenon which is dependent on the viscosity, viscous shear of moving
particles, viscoelasticity, ball dimension, nozzle dimension, flow type etc.,

The general setup of the process is shown in the Figure 2.1. It has the
actuator (blower) on the xy plane and the ball position in z axis. The phys-
ical intution behind this process is the following: the high speed air hits the
bottom of the ball, creating a high pressure zone under it. This high pressure
air moves over the curved surface of the ball with high velocity creating a
low pressure zone (LP zone). If the ball tends to move away from the middle
of the stream, the still atmospheric air around this LP zone pushes it back
to the middle because of its relatively high pressure, like shown in Figure
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2.1. Hence, the lateral motion of the ball is made stable in the middle of
the flow. The vertical motion of the ball around this equllibrium is stable as
well, given by the balancing of gravity and air drag. This chapter describes
the physics behind how a ball floats in the airstream by describing the forces
acting on it, followed by air speed profile in a turbulent jet.

Figure 2.1: Process setup

2.1 Bernoulli’s Principle

In fluid dynamics, Bernoulli’s principle states that, in an imcompressible
flow of a fluid (gases and liquids) having density ρ, moving with the velocity
v, at any point on the flow, the following equation is satisfied:

p+
1

2
ρv2 + ρgh = constant

where,
p - Pressure energy.
1
2
ρv2 - Kinetic energy.
ρgh - Gravitational potential energy.

In other words, in view of the basically constant potential energy through-
out the flow, when a fluid moves with high velocity it has lower pressure
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than the same fluid at low velocity. The blower’s airstream rushes around
the curved surface of the ball (Coanda effect) and this region is at low pres-
sure. The surrounding air around this region is still and at higher pressure
(atmospheric pressure), this high-pressure air eventually traps the ball in a
pocket of low pressure and keeps it in a stable position.

2.2 Forces acting in the system

Given that the horizontal motion of the ball is an asymptotically stable
equillibrium, we focus only in the vertical motion of the ball. This motion
is the one that we can manipulate by the air velocity. Therefore, developing
a model of vertical dynamics is important to design the experiment. In this
system, the ball is subject to two main vertical forces, i.e.,

� Gravity.

� Aerodynamical drag.

2.2.1 Gravitational force

The constant gravitational force term is:

Fg = mg

where, g is the gravitational constant and m is the mass of the ball.

2.2.2 Drag force

The drag force acting along the direction of the airflow is given by,

Fdrag =
1

2
CdρaAv

2

where, Cd is the drag coefficient, ρa is the density of air, v is the velocity of
the air stream and A is the area of cross-section that faces the air stream.

Since the air drag is dependent of the air velocity, we need a model for how
this velocity changes with the distance from the nozzle, in order to obtain a
model in closed form.
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2.3 Air speed profile

The diverging flow of the jet can be modeled on the basis of labora-
tory investigations of a jet penetrating into a quiescent fluid [9] of constant
density(ρ). It shows that the jet has effective cone angle and its area ex-
pands with the height z i.e., the radius r of the jet increases as the distance
z from the nozzle. Furthermore it has been shown that the opening angle
of the cone is 11.8◦ irrespectively of fluid’s nature and other properties like
discharge speed from the nozzle, orifice’s diametre, etc.
Thus the radius at any point in the profile is given by

R(z) = tan(11.8◦)z =
1

5
z (2.1)

Based on observations of turbulent fluctuations, it is found that the trans-
verse profiles of the jet changes only by a stretching factor. Hence, the
velocity profile is modeled as a Gaussian one, i.e.,

V (z, r) = Vmax(z) exp

(
− r2

2σ2

)
(2.2)

Figure 2.2: Air profile
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where, Vmax(z) is the velocity along the centre line and σ is the standard
deviation of the spread of profile along the centre line. Considering a diametre
of 4σ (by statistics 4σ cover 95% of the area under the curve), we have
4σ = 2R. Hence,

σ =
1

2
R (2.3)

Using equation (2.1), we obtain

σ =
z

10
(2.4)

In order to compute an estimate of velocity at different heights, we start
from the following relation by conservation of flow rate.∫ R(z)

0

V (z, r)2πrdr = Constant (2.5)

So, at the nozzle

2πVnozzle

∫ d/2

0

exp

(
− r2

2σ2

)
rdr = Constant (2.6)

and for a general distance z,

2πVmax(z)

∫ z/5

0

exp

(
− r2

2σ2

)
rdr = Constant (2.7)

By equating (2.6) and (2.7) we obtain

Vmax(z) = Vnozzle

∫ d/2
0

exp
(
− r2

2σ2

)
rdr∫ z/5

0
exp

(
− r2

2σ2

)
rdr

(2.8)

From equation (2.4),

Vmax(z) = Vnozzle

∫ d/2
0

exp
(
−50r2

z2

)
rdr∫ z/5

0
exp

(
−50r2

z2

)
rdr

(2.9)

From (2.9), the velocity estimate at different heights with a known exit ve-
locity (here it is assumed to be 13 m/s) is shown in the Figure 2.3.
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Figure 2.3: Speed estimate at different heights

2.4 Static analysis for preliminary device di-

mensioning

Based on the vertical forces acting in the system explained in Section 2.2,
we obtain the following equation of motion.
Dynamic drag force:

Fdrag =
1

2
CdρaA(v − ż)2 (2.10)

From Newon’s second law, the condition for equillibrium reads as follows:

mz̈ =
1

2
CdρaA(v − ż)2 −mg (2.11)

In the static case,
1

2
CdρaAv

2 = mg (2.12)

where, Cd = 1.17, mg = 0.0294, ρa = 1.225 and A = 0.0025.
Provided with the above data and equation (2.12), we obtain that, to lift the
ball, a air speed of v ≈ 4.1m/s is required. This analysis has been used for
design the experimental setup.
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Chapter 3

Experimental setup and
components

This section will present in detail the experimental setup of every single
component. Also, it will describe the hardware and software set-up phase.
The overall scheme of the experimental device developed in this work is shown
in Figure 3.1.

Figure 3.1: Real setup
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A more detailed description of the components is given in the following
with reference to the block scheme shown in Figure 3.2.

Figure 3.2: Schematic of the experiment

3.1 System Under Control

The system under control consists of a blower (actuator), a floating ball
and some structures that were printed at need (nozzle and column support).

3.1.1 Blower

Figure 3.3: Blower
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The choice of the blower was an important and not an easy task. Pre-
cise determination of airflow and required outlet pressure is important for
blower’s choice, due to the fact that different kinds of blowers available in
the market have different air flow rate, static pressure, blower wheels etc.
The SanAceB97 is selected for the following reasons

� It is a radial blower. In Figure 3.4, it is shown that radial blowers
provide good balance between air pressure and air volume.

� This blower has four wires and one of the wires is for pulse-width mod-
ulation (PWM) and so the speed of the blower can be directly manipu-
lated by the Arduino board. The majority of the conventional blowers
has two wires. To modulate the power for these blowers an additional
motor drive module or a potentiometre is necessary due to the fact that
the power output of Arduino is really low.

� This blower can provide speed significantly greater than 4.1 m/s. This
is essential for the ball to reach considerable heights.

Axial and centrifugal blowers were considered initially. Experimental study
shows good static pressure is key for sustained holding of ball [11]. Axial
blowers do not provide static pressure. For this reason a centrifugal bower
has been chosen. Centrifugal blowers can be further classified into,
(i) Forward curved blower.
(ii) Backward curved blower.
(iii) Radial blower.
A performance comparison of centrifugal blowers [10] is given in Figure 3.4.

Figure 3.4: Comparison of centrifugal fans
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3.1.2 The Ball

Figure 3.5: Floating ball

A normal homogenous ping-pong ball was used initially. Later, an irreg-
ularity in the sensor output measurement was noticed because of the round
ball surface. So, a flat sheet has been stuck to a tip of the ball as shown in
Figure 3.5 to improve the measurement quality and to avoid the irregularity.

3.1.3 The Printed structure

A number of structural elements have been built in ad hoc fashion as
described below.

3.1.3.1 Nozzle

Figure 3.6: The nozzle

A nozzle was necessary due to the fact that blower’s rectangular mouth
needed to be changed into circular mouth for smooth air delivery. An exper-
imental study [1] states that the ratio k = d/D should be greater than 0.675

12



where d is the diametre of the ball and D is the diameetre of the nozzle.
Also, in [1] it is claimed that a good choice is to set D ≤ d. In our case
d = 40mm, and we have selected D = 35mm.

3.1.3.2 Column structure

Figure 3.7: The column structure

A tube-shaped gate (see Figure 3.7) around the ball has been 3D-printed
to avoid the ball to fall down due to turbulence during the experiments. It
is of 30cm height.

3.2 The transducer

Figure 3.8: Sharp GP2Y0A02YK0F

In this work an infrared (IR) sensor has been used to sense the position
of the ball and to provide feedback. Sharp GP2Y0A02YK0F is used here. Its
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resolution is 0.04V with the precision error of 0.04V (equivalent to 1cm) and
hence tolerance range is +/- 1cm. This sensor is cheap and it has detection
range upto 150 cm. However, our particular range of operation is just 15 -
40 cm. This is because the sensor has Linear output range for that zone, as
shown in Figure 3.9.

Since the sensor is located at the top of the structure (see Figure 3.1),
this corresponds to the ball position ranging from 0 cm (i.e., lying on the
nozzle) to 25 cm.

Figure 3.9: Sensor output characteristics

3.3 The controller

Figure 3.10: Arduino Mega 2560
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The choice of the controller board has been carefully considered. Here
Arduino Mega 2560 is used, whose choice is due to the following reasons

� This board has AT mega 2560 processor of 16MHz speed, 8 kb SRAM,
flash memory 128 kb, EEPROM 4 kb. It is versatile and powerful.

� It has lot of I/O pins (many of them offers PWM) and it has huge mem-
ory compared to its predecessors which is essential for storing simulink
models.

� Whatever written in its IDE (here Simulink files converted into c-files)
run on board directly without the need of interpreter, firmware or op-
erating system.

� It is relatively cheap, if compared to similar products on market.

� It can be integrated with Simulink and so it is easy to program.

3.4 Computing station

Since Matlab 2012b provides Arduino hardware support packages as in
Figure 3.11, this has made the Arduino board programming really simple.
Thanks to the Simulink blocks, it provides straight forward visualization.
However, raw coding suits better in cases where efficient and optimized usage
of Arduino is needed. This is due to the fact that Simulink is sophisticated
tool for modelling and may occupy much memory. There are two ways to
program Arduino through Simulink, described in the following.

� Running the Simulink model in ”external mode”. In this mode, model
is converted into c-code that runs in Arduino, where data can be logged,
viewed or changed through a serial communication port while the pro-
gram is running. This is a useful and unique capability offered only by
Simulink. However, this mode has a limitation in sampling time, which
is dependent on complexity of the computation.

� Deploy the model into the Arduino board where it can run indepen-
dently with no attachment to Simulink.

15



Figure 3.11: IO package of arduino

3.5 Software setup and other supporting parts

The other necessary parts are the base and the support columns. An
aluminium plate is chosen in view of its robustness and light weight. Alu-
minium extrusions were used for sensor supports. When all the necessary
hardware is available, the necessary steps to set up the device are described
in the following sections.

3.5.1 Software setup

1) The sensor has to be calibrated. In fact, the information provided
in the datasheet may suffer from some inaccuracies. Figure 3.12 shows the
comparison of actual sensor characteristics with the datasheet characteristics.
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Figure 3.12: Calibrated vs Datasheet characteritics

2) Always make sure the system is running in the external mode. Once
the run button is pressed the simulink itself will generate c-code and run on
the hardware.

Figure 3.13: External Mode

3) Based on the datasheet of the blower, the input PWM frequency of
the blower has to be 25 KHz. But the maximum PWM output frequency
of the Arduino Mega is 980 Hz. In arduino TCCRnb registers (or timers)
handles the digital output pin. In particular, TCCRnb (where ’n’ is the
identity number of register) is an eight-bit number where the first three bits
are called pre-scalars. These bits need to be accessed to modify the PWM
frequency. In Simulink, we can do this by making a custom code in the code
generation of the simulation settings. More specifically, the following must
be carried out.
Model configuration parametres − > Code Generation − > Custom code
− > Initialize function and insert the bit of code as in the figure 3.14, it
can be manually checked with the oscilloscope that the frequency has been
changed to ≈ 31 KHz.
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Figure 3.14: Custom code

4) A fixed-step Simulink solver must be imposed for generating code that
runs in real time.

5) Data logging (readings from sensor) and imposing input (pwm input
to blower) is really simple as shown in Figure 3.15 (a) and Figure 3.15 (b).

Figure 3.15: Data logging and imposing input by Arduino, Simulink

6) Based on previous step, the controller implementaion in the Simulink
interface using Arduino I/O blocks is shown Figure 3.16.

Figure 3.16: Controller implementation by Arduino, Simulink
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Chapter 4

Dynamical modelling and
Preliminary Controller Design

4.1 Limitations in the system

In theory, Matlab Simulink blocks allow high sampling rate of 1MHz. On
the other hand, Arduino allows a sampling time up to few KHz, depending
of the platform it is interfacing with.

In this work, a problem related to sample rate has been observed, which
is the following. With a sample time of 0.01s, Simulink does not manage
to receive 100 samples in one second, Similar issue is addressed in [8]. For
example, Figure 4.1 shows the 1000 data received for run-time of 10s at a
nominal rate of 100Hz. However, it has been observed that the experimental
time was more than 10s.

So, to work in real-time, the sampling time must be increased with respect
to 0.01s. Here the sampling time is set to 0.04s (25 Hz).
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Figure 4.1: Number of samples

4.2 Open loop tests for system identification

Even though the physical modelling is a possible method to obtain a
reliable mathematical model of the system for control purposes, there exist
numerous uncertainities in the behaviour of the system. This makes this
approach not viable at least in the context of this work. So, in this work we
decided to obtain the model from a system identification procedure. Different
open loop tests were performed to identify the system, i.e.,
(i) Frequency response test.
(ii) Step response test.

4.2.1 Frequency response test

The idea here is to excite the system with sine wave inputs having different
frequencies (like in Figure 4.2) and log the system’s output response. From
the analysis of these experimental output data, the Bode plot of the system
can be directly identified. The results of this procedure are given in Table
4.1 and plotted in the Figure 4.3 (the circular dots).
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Table 4.1: Frequency response data

FREQUENCY AMPLITUDE PHASE
(rad/s) (cm) (deg)

0.5024 10.6 -11.8089
0.6280 10.7 -21.1299
0.7388 10.5 -24.3229
0.8971 10.4 -34.8248
1.2560 10.3 -41.5777
1.7942 9.60 -59.8070
3.1400 7.90 -105.6840
4.1866 8.00 -136.6452
6.2800 5.10 -221.9617
7.8500 1.97 -263.1554
9.4200 0.98 -279.4872

Figure 4.2: System’s response for different frequency
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Figure 4.3: Identified system with experimental data

The system is identified with the set of available data, i.e.

G(s) =
468750

25s4 + 300s3 + 150s2 + 7500s+ 15625

Due to the presence of measurement noise and disturbances in the system, it
was not possible to do tests with high frequency inputs. Due to this, it was
not possible to identify the presence of any possible further sigularities with
ω > 9.4rad/s.

4.2.2 Step response test

This test allowed to validate the model. The system’s output response
for step inputs of different amplitudes were logged. The identified system’s
responses were compared with the data of the actual system in order to
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validate the identified system obtained from the frequency response analysis.
Figure 4.4 below shows the comparison of the step responses of the identified
system with the actual data.
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Figure 4.4: Identified model and real data comparison

However, some uncertainities are present in the gain as shown in Figure
4.5.
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Figure 4.5: Gain uncertainity
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4.3 Signal analysis

An analysis of the noise and the disturbance acting on the system is
carried out here. The goal is to fully characterise the system under study.
The actual system with presence of these noise and pertubations is shown in
figure 4.6.

Figure 4.6: System’s general cofiguration

where u(t) is the system input, y(t) is the position of the ball, ym(t) is
the measured position, d(t) is the perturbation and n(t) is the measurement
noise.

The pertubation d(t) is due, for example, to unmodelled external phe-
nomena that affect the actual position of the ball y(t). On the other hand,
the noise n(t) is related to the uncertainities on the measurement system. As
it is known, the disturbance and noise have to be characterised to properly
design a controller. Thanks to this, the control system can be designed to
be sufficiently reactive to compensate for the low frequency disturbance d(t)
and also to act as a filter with repspect to high frequency noise n(t). The
time plot and the fast Fourier transform (FFT) of the measured signal ym(t),
where the ball is at rest position, is shown in Figure 4.7. With this, the most
relevant noise components are identified at frequencies above 40rad/s.
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Figure 4.7: The time response and FFT of ball at rest

The step response of the system is shown in Figure 4.8. The signal analy-
sis is performed only when the signal displays a stationary behaviour, mainly
to analyse disturbance d(t) characteristics.

Figure 4.8: The time response and FFT of a step input

The presence of disturbances d(t) can be seen in the FFT of the signal.
Specifically, it is characterised by low frequencies, as apparent from Figure
4.8. Note that some high frequency components are present due to the pitch
movement of the ball and due to the presence of n(t) in the available data.
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4.4 Control design

A preliminary controller R(s) has been designed with the help of Matlab
PID tuning toolbox, see figure 4.9. By choosing the balance option (balance
between reference tracking and disturbance rejection), Matlab automatically
tunes the PID gains to balance performance and robustness.

Figure 4.9: Simulink PID tuner

The general closed loop configuration is shown in Figure 4.10.

Figure 4.10: Closed Loop system

where

R(s) =
0.008492s+ 0.04406

s
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With the presence of the current PID regulator the windup phenomenon is
likely to occur due to the input saturation. An anti-windup configuration
must be provided in future control implementations.
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Chapter 5

Results and conclusion

5.1 Reference tracking experiment

The performance of reference tracking obtained applying the designed
closed loop system was satisfactory as shown in the Figure 5.1.

Figure 5.1: Reference tracking

5.2 Frequency domain analysis

As also discussed in Section 4.3, the open loop system response is af-
fected by a low-frequency system disturbance d(t), as apparent from the
FFTs shown in Figure 5.2, related to the stationary behaviour of the system
with different constant inputs.
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Figure 5.2: Low frequency disturbance

Using the designed regulator it can be seen that the disturbances at very
low frequencies have been reduced, see Figure 5.3.

Figure 5.3: FFT of closed loop system

29



5.3 Conclusions

In this work, a simple small scale plant has been designed and built for
educational purpose using low-cost hardware. The tasks carried out here are

� Identification of system using frequency reponse data.

� Validation using step response data.

� A simple control design using Matlab tuning toolbox.

Even though the designed controller is simple, it provides promising results
in reference tracking as shown in Figure 5.1. Also, it allows to slightly com-
pensate for some low frequency perturbations as discussed in the Section 5.2.
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