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Introduction

The Magnetic Levitation System MLS is a complete (after assembling and software
installation) control laboratory system ready to experiments. The is an idea tool for
demonstration of magnetic levitation phenomena. Thisis a classic control problem used in
many practical applications such as transportation - magnetic levitated trains, using both
analogue and digital solutions to maintain a metallic ball in an electromagnetic field. MLS
consists of the electro-magnet, the suspended hollow steel sphere, the sphere position
sensors, computer interface board and drivers, a signal conditioning unit, connecting
cables, real time control toolbox and a laboratory manual. This is a single degree of
freedom system for teaching of control systems;, signal analysis, real-time control
applications such as MATLAB. MLS is a nonlinear, open-loop unstable and time varying
dynamical system. The basic principle of MLS operation is to apply the voltage to an
electromagnet to keep a ferromagnetic object levitated. The object position is determined
through a sensor. Additionally the coil current is measured to explore identification and
multi loop or nonlinear control strategies. To levitate the sphere a real-time controller is
required. The equilibrium stage of two forces (the gravitational and electro-magnetic) has
to be maintained by this controller to keep the sphere in a desired distance from the
magnet. When two electromagnets are used the lower one can be used for externa
excitation or as contraction unit. This feature extends the MLS application and is useful in
robust controllers design. The position of the sphere may be adjusted using the set-point
control and the stability may be varied using the gain control. Two different diameter
spheres are provided. The band-width of lead compensation may be changed and the
stability and response time investigated. User-defined anal ogue controllers may be tested.

1.1 Laboratory set-up

A schematic diagram of the laboratory set-up isshownin Fig. 1.

Electromagnet

Sensor ' ‘ '

Sphere

Frame

1
RT-DAC4/PCI |
board ] ]

Power
supply

Fig. 1. MLSlaboratory set-up
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One obtains the mechanical unit with power supply and interface to a PC and the
dedicated RTDACA4/PCI 1/O board configured in the Xilinx” technology. The software
operates in real time under MS Windows™ 98/NT/ 2000/XP using MATLAB" 6.5, RTW

and RTWT toolboxes.

Control experiments are programmed and executed in real-time in the MATLAB/Simulink
environment. Thus it is strongly recommended to a user to be familiar with the RTW and
RTWT toolboxes. One has to know how to use the attached models and how to create his
own models.

The control software for the MLS is included in the MLS toolbox. This toolbox uses the
RTWT and RTW toolboxes from MATLAB.

MLS Toolbox is a collection of M-functions, MDL-models and C-code DLL-files that
extends the MATLAB environment in order to solve MLS modelling, design and control
problems. The integrated software supports all phases of a control system development:

» on-line process identification,

» control system modelling, design and simulation,

* real-time implementation of control algorithms.

MLS Toolbox isintended to provide a user with avariety of software tools enabling:
» on-line information flow between the processand the MATLAB environment,
* real-time control experiments using demo algorithms,
» development, smulation and application of user-defined control algorithms.

MLS Toolbox is distributed on a CD-ROM. It contains software and the MLS User’s
Manual. The Installation Manual is distributed in a printed form.

1.2 Hardware and software requirements.

Hardware
Hardware installation is described in the Assembling manual. It consists of:
+ Electromagnet
»  Ferromagnetic objects
» Position sensor
« Current sensor
« Power interface
+ RTDAC4/PCI measurement and control 1/0 board
+  Pentium or AMD based personal computer.

Software
For development of the project and automatic building of the real-time program is required.
The following software has to be properly installed on the PC:
 MS Windows 2000 or Windows XP. MATLAB version 6.5 with Simulink 5.
Signal Processing Toolbox and Control Toolbox from MathWorks Inc. to develop
the project.
* Rea Time Workshop to generate the code.
* Real Time Windows Target toolbox.
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* The MLS toolbox which includes specialised drivers for the MLS System, These
drivers are responsible for communication between MATLAB and the RT-
DA C4/PCI measuring and control board.

e MSVisua C++ to compile the generated code.

1.3 Features of MLS

+  Aluminium construction

+  Two ferromagnetic objects (spheres) with different weight

+  Photo detector to sense the object position

+ Caoil current sensor

« A highly nonlinear system ideal for illustrating complex control agorithms

« Nonefriction effects are present in the system

. Theset-upisfully integrated with MATLAB"/Simulink™ and operatesin rea-time
in MS Windows~ 98/2000/X P

+  The software includes compl ete dynamic models.

1.4 Typical teaching applications

+  System Identification

+ SISO, MISO, BIBO controllers design
+ Intelligent/Adaptive Control

» Frequency analysis

+ Nonlinear control

» Hardware-in-the-Loop

+ Read-Time control

+ Closed Loop PID Contral

1.5 Software installation
Insert the installation CD and proceed step by step following displayed commands.

MLS User’s Manual -5-



2 ML Main Window

The user has arapid access to al basic functions of the MLS System from the MLS Control
Window. In the Matlab Command Window type:
ML_Main

and then the Magnetic Levitation Main window opens (see Fig. 2).

Eile Edit View Smulstion Format Tools Help

Fig. 2. The Magnetic Levitation Main window

In the ML Main window one can find: testing tools, drivers, models and demo applications.
Y ou can see anumber of pushbuttons ready to use.
The ML Main window shown in Fig. 2 contains four groups of the menu items:

* Tools—identification
* RTWT Device Driver — MagLev device driver
* Simulation model and controllers
* Real-time experiments — levitation
Section 2 is divided into four subsections. Under each button in the ML Main window one

can find the respective portion of software corresponding to the problem announced by the
button name. These problems are described below in four consecutive subsections.
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2.1 Identification

If we click the identification button the following window (see Fig. 3) opens. There are the
default values of al parameters defined by the manufacturer. Nevertheless, a user is
equipped with a number of identification tools. He can perform the identification
procedures to verify and if necessary modify static and dynamic characteristics of MLS.

Identification

Fig. 3. The identification window

Four identification steps have been preprogrammed. They are described below.

211 Sensor
In this subsection the position sensor characteristicsisidentified.
If you click the Sensor button the following window opens (see Fig. 4)

) MagLev
MagLev - Sensor characteristics identification

Riatation number: 00 Mezsuie | Mesared valus [V

Distance ], Sensor culput ]

=l

Fig. 4. Sensor signal in [V] vs. the sphere distance from the el ectromagnet in [mm]
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The following procedure is required to identify the characteristics.
1. Screw in the screw bolt into the seat.

2. Screw in the black sphere and lock it by the butterfly nut. Notice, that the sphere
isfixed to the frame!

3. Turn round the screw so the sphere be in touch with the bottom of the
electromagnet.

4. Switch on the power supply and the light source.
Start the measuring and registration procedure. It consists of the following steps:

. Push the Measure button — the voltage from the position sensor is stored and
displayed as Measured value [V]. One can correct this value by measuring it
again.

= Push the Add button — the measured value is added to the list. A rotation
number value is automatically enlarged by one (see Fig. 5).

=10l

Magley - Sensor characteristics identification
Rotation number: 15 Measure I Meszaured value [W]: 3.0972

Sensor outpit [v]

. 3878
1.4000, 4.9585
| {21000, 4.9145
2.8000, 4.8553
35000, 4.7777
| 4.2000, 4.6800
4.3000, 4.5451
| |5.6000, 44016
- |B.3000. 4.2062
7.0000, 4.0059
[ |7.7000, 3.7860
2.4000, 3.5418
19,1000, 3.3073
[ |3.8000, 3.0972

0 5 0 15 20
Distanice [rr]

Export Data | ;I

Fig. 5. Characteristics of the sphere position sensor

=  Manually make one full rotation of the screw.

» Repeat three last steps so many times as none change in the voltage vs.
position characteristics is observed.

7. Push the Export Data button — the data are written to the disc (see Fig. 6). Data
are stored in the ML_Sensor.mat file as the SensorData structure with the
following signals: Distance_mm, Distance_ mand Sensor_V.

In the Simulink real-time models the above characteristics is used as a Look-Up-Table
model. The block named Position scaling is located inside the device driver block of MLS
(see Fig. 7). Notice, that the characteristics shows meters vs. Volts. In Fig. 6 there were
shown Volts vs. meters. It is obvious that we require the inverse characteristics because we
need to define the output as the position in meters.
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4.5 KK

3.5

2.5

Sensor signal [V]

15

1 N

0.5 i
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Distance [m]

Fig. 6. The sensor characteristics after being measured and exported to the disc

vV
A2
v

Position scaling
[V]to [m]

Fig. 7. The Simulink Look Up Table model representing the position sensor characteristics

If we click this block the window shown in Fig. 8 opens. Any time you like to modify
the sensor characteristics you can introduce new data related to the voltage measured by the
sensor. The voltage corresponds to the distance of the sphere set by a user while the
identification procedure is performed. The sensor characteristics is loaded from the
ML _sensor.dat file which has been created during the identification procedure. If the curve
of the Position scaling block is not visible please |oad the file with data.

The sensor characteristics can be approximated by a polynomial of a given order. For
example, we can use afifth order polynomial.

P(X) = psX° +...+ Py

ps =—-25697073504.59, p, =1245050011.25, p;=-18773635.92, p, =79330.24,
p, =-150.21 and p, =5.015.
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Block Parameters: Position scaling [¥] to [m. #|
— Look-LIp Table

Perform 1-E linear interpolation:of input salues uging the specified table.
Ertrapolation iz performed outside the table boundaries.

— Parameters

Yectar of input values:

IS enzorll ata.Sensor_Vend:-1:1]

Yectar of output values:

IS enzofl ata. Diztance_mlend:-1:1)

| Show additional parameters -

Ok Cancel Help Spply

Fig. 8. Look-Up Table to be fulfilled with vectors of input and output values

The approximated polynomia (the red line) is shown in Fig. 9. The polynomia
approximation will be not used in this manua due to the fact that the entire model is built
in Simulink. Therefore we recommend to model the characteristics as a Look-Up Table
block (see Fig. 7 and Fig. 8).

5.5

4.5 \

N

2.5 \
: N
5

1.5 N\

1 \\*\‘MH
5 i
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Distance [m]

Sensor signal [V]
w

Fig. 9. The sensor characteristics approximated by the fifth order polynomial
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2.1.2 Actuator static mode

In this subsection we examine static features of the actuator i.e. the electromagnet.
Notice, that the sphereisnot present!
Click the Actuator static mode button and the window shown in Fig. 10 opens.

Fig. 10. Identification window of a static current/voltage characteristics
Now, we can perform button by button the operations depicted in Fig. 10. We begin from

the Build model for data acquisition button. The window of the real-time task shown in
Fig. 11 opens and the RTW build command is executed (the executable code is created).

L sy
= :,__31| ¥ & |Extenal |_

Position [m]

wialocity [miz]

Contral signal Cantral Zain

Magnetic Levitation Maglew - system
System Contral and States

Fig. 11. Real-time model built to examine the current in the electromagnetic coil

Click the Set control gain button. It results in activation of the model window and the
following message is displayed (see Fig. 12):
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-} MagLey ] = I EI_I}I

Setthe controlGain value on the MLs_ActStal model
0K |

Fig. 12. Message — Set the “ Control Gain”

In Fig. 11 one can notice the Control signal block. In fact the control signal increases
linearly. We can modify the slope of this signal changing the Control Gain value.

Click the Data acquisition button. Within 10 seconds data are acquired and stored in the
workspace.

Click the Data analysis button. The collected values of the coil current are displayed in
Fig. 13.

:_5 Ha_gLev

Fig. 13. Current in the electromagnetic coil

The characteristics is linear except a small interva at the beginning. We can locate the
cursor at the point where a new line slope starts (see the red line in the picture). We can
move the cursor in two ways. by writing down a value into the edition window or by
drugging the slider. In this way the current characteristics is prepared to be analyzed in the
next step. The line is divided into two intervals. the first — from the beginning of
measurements to the cursor and the second — from the cursor to the end of measurements.

After setting the cursor position, consequently, click the Analyze button. The following
message (see Fig. 14) appears. We obtain the dead zone values corresponding to the
control and current. The constants a and b of the linear part are the parameters of the line
equation: i(u) =au+b.
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<) MaglLe¥ !E[E
Actuator characteristics analysis:
Dead zone values:

Control. 0.0043800

Curent: 0.0388368(4]

Linear part: 25165035 0.0242911

Fig. 14. Coefficients of the actuator characteristics

These parameters, namely: u,,,, = 0.00498, x,,,, =0.03884, k, =2.5165 and c, = 0.0243

are going to be used in the ssmulation model in section 2.3.1 (see the differential equations
parameters).

To obtain a family of static characteristics for linear controls with different slopes we
repeat the following experiment. We apply a PWM voltage signal in the time interval from
0to 10 s. The PWM duty cycles for the subsequent ten experiments are varying linearly in
theranges: [0, 0.1], [0, 0.2], ..., [0, 1.0] (seeFig. 16).

1
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0.8

0.7

0.6
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\
\

0.4

Control - PWM duty

0.3

0.2

"

7
// T
-

S

0.1

L

7
/ —— —
—

0

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Fig. 15. Family of the input (PWM) characteristics

Consequently, we obtain diagrams of the currents corresponding to ten experiment (see
Fig. 16). Each characteristics is approximated by a polynomial of the first order. Finally the
entire current vs. PWM duty cycle relation is depicted (black points) in Fig. 17. The red
line represents the linear approximation of measurements. We obtain the following
numerical values of linear characteristics:

i(u) =kju+c; a=260798876298869, b= —0.01077522109792.

The constant c is obtained for u =0. The family of linear characteristics is used to obtain
the coefficientsk; vs. control u.
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Fig. 16. Family of the output (current) characteristics

2.5

2 /
< 15 /
IS
g
g 1
0.5
0
-0.5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Control - PWM duty

Fig. 17. Current vs. PWM duty cycle

2.1.3 Minimal control

In this subsection we examine the minimal control to cause a forced motion of the
sphere from the supporting structure (tablet) toward the electromagnet against the gravity
force. Notice, that in this experiment the sphere is not levitating! It is kept nearby the
electromagnet by the supporting structure.

Click the Minimal control button and the window shown in Fig. 18 opens.
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Minimal contrdl identification

Fig. 18. Window to identify the minimal control vs. distance
(between the sphere and electromagnet)

Now, we proceed button by button the operations depicted in Fig. 18 similarly to the
procedure described in the previous subsection. We begin from the Build model for data
acquisition button. The window of the real-time task shown in Fig. 19 opens.

[-"JMLS_MinEnntrnl
File Edit Wiew Smulation Format Tools  Help

Dlﬁu §| o B | il | b ;ﬁ__lEHtemal "” @[ﬂi | ﬁ i @

Position [m]

wilocity [mds]

Current [£]

Contral signal

hiagLew - systam

hagnetic Lewitation
System Contral and States

Ready [100% | T=0.00 Jodes i

Fig. 19. Real-time model built to examine the minimal electromagnetic force

Click the Set control gain button. It results in activation of the model window and the
following message is displayed (see Fig. 20).

) MagLey . 9 =]

L

Set the control Gain valus on the MLs_MinCantral madel

Ok

Fig. 20. Message — set the “ Control Gain”

It means that we can set a duty cycle of the control PWM signal. The sphere is located
on the support and the experiment starts. Click the Data acquisition button. A forced
motion of the ball toward the electromagnet begins.
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Click the Data analysis button. The collected values of the ball position are displayed
inFig. 21.

MagLev - Minimal control analysis

W L1 N I

Fig. 21. The sphere motion

The sphere motion is visible. We can locate the cursor at the point dlightly before a
position jump occurs (takes place) (see the red line in the picture). We can move the cursor
in two ways. by writing down a value into the edition window or by drugging the dlider. In

this way the acquired data are prepared to be analyzed in the next step.

After setting the cursor position, consequently, click the Analyze button. The following
message (see Fig. 22) appears. This information means that the sphere located 15.82 mm
from the electromagnet begins to move toward it when the PWM control over-crosses the

0.49485 duty cycle value.

Minimal control analysis:
Poasitan [m}. 00158200
Curent [4} 0.4948500

o |

Fig. 22. Message of the experiment results

MLS User’'s Manual -16-



2.1.4 Actuator dynamic mode

In this subsection we examine dynamic features of the actuator i.e. the electromagnet. It
means that the moving sphere generates an electromotive force (EMF). EMF diminishes
the current in the electromagnet coil. Click the Actuator static mode button and the window
shown in Fig. 23 opens.

[-".THL ActDynSteps

Actuator identificati.c-n - dynamic mode

Fig. 23. Identification window of a dynamic current/voltage characteristics

A user should perform three experiments. without the sphere (Without ball), with the
sphere on the supported structure (Ball on the tablet) and with the sphere fixed to therigid
screw (Ball fixed).

We begin from the Build model for data acquisition button. The window of the real-
time task shown in Fig. 24 opens. We have to set the control gain. If we are going to
modify the control magnitude then we set the default gain to 1 and the subsequent duty
cycles to: 0.25, 0.5, 0.75 and 1. Click the Data acquisition button and save data under a
given file name.

Elasity [mis]

Fig. 24. Real-time model built to examine EMF influence on the coil current
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Click the Data analysis button. It calls the ml_find_curr_dyn.m file. The following
window opens (see Fig. 25). The parameters optimization procedure starts. The
optimization routine is based on the mim_current.mdl model.

When ml_find_curr_dyn.m runs the optimization function fminsearch is executed.
Fminsearch usesthe ml_opt_current.mfile.

The k; and f; parameters are iteratively changed during the optimization procedure. The
current curve is fitted four times. Thisis due to the control signal form.

0.1

) ;i i
—— measured current

—— modeled current
L

| | |

| | |

: : :

1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time [s]

Fig. 25. Current curve — the fitting result of the optimization procedure

Finally the information about the mean values is displayed (see Fig. 26). The advanced
user can use the functions code to perform a detailed analysis.

<) MaglLew B = EE |

Actuator dynamic analysis:

Mear ki value: 2 4525018
Mean fi value: 0.0258934

o

Fig. 26. Optimization results

MLS User's Manual -18-



2.2 MagLlLev device drivers

The driver is a software go-between for the real-time MATLAB environment and the
RT-DAC4/PCI acquisition board. The control and measurements are driven. Click the
RTWT Device Drivers button in the Magnetic Levitation Main window. The following
window opens (see Fig. 27).

& [Evemal 7]

MagLev
Device driver

Pozition [m]

wilocity [mis]

Contral

Magnetic Levitation haglew - system
Systemn Control and States

Fig. 27. RTWT MagLev device driver window

Notice that the scope block writes data to the MLExpData variable defined as a structure
with time. The structure consists of the following signals. Position [m], Velocity [m/g],
Current [A], Control [PWM duty 0+1]. The interior of the Magnetic Levitation System
block, it means the interior of the driver block is shown in Fig. 28.

1
:

Velacity Filter Welosity [miz]

0.01s+1 s

Current Filter Current [4]

Fig. 28. Interior of the driver block
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In fact there are two drivers: ML_Analoglnputs and ML_PWM. There are aso two
characteristics: the ball position [m] vs. the position sensor voltage [V] and the coil current
vs. the current sensor voltage [V]. The driver uses functions which communicates directly
with a logic stored at the RT-DAC4/PCI board. When one wants to build his own
application one can copy this driver to anew model.

Do not introduce any changes inside the original driver. They can be
E> introduced only insideits copy!!! Make a copy of theinstallation CD.

The Simulink Look-Up-Table model named Position scaling (see Fig. 7) representing the
position sensor characteristics has been aready described. Now let us present the second
Simulink Look-Up-Table model named Current scaling (see Fig. 29).

Current scalling

[VIto [A]

Fig. 29. The Simulink Look-Up-Table model representing the current sensor characteristics

To build the above characteristics it is necessary to measure the current of the
electromagnet coil. The agorithm in the computer is the source of the desired value of the
control in the form of the voltage PWM signal. This PWM is the input voltage signa
transferred to the LMD18200 chip of the power interface. Due to a high frequency of the
PWM signal the measured current values correspond to the average current value in the
coil. This characteristics has been built by the manufacturer. It is not recommended to
repeat measurements by a user because to do so one must unsolder the input wires of the
electromagnet. On the basis of the data given in the table below one can generate his own
characteristics. For a fixed PWM frequency and a variable duty cycle the coil amperage is
measured. The measured data are given below in the table.

PWM duty cycle | amperage [A] voltage [V]
0 0 0.374811
0.1 0.25 0.262899
0.2 0.51 0.510896
0.3 0.77 0.752465
0.4 1.02 0.993620
0.5 1.28 1.229133
0.6 1.52 1.459294
0.7 1.74 1.651424
0.8 1.99 1.875539
0.9 2.21 2.076814
1 2.43 2.269865
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The current [A] vs. voltage [V] characteristicsis shown in Fig. 30.

2.5 /
| /
_ 15 *
<
£
o
5
© 3
0.5
0¥
0 0.5 1 15 2 2.5

Measured signal [V]

Fig. 30. Current vs. voltage characteristics approximated by the red curve

The characteristic can be approximated by a polynomia of the second order:

lU)=aU?+aU +a,
where:

| —current,
U —voltage from the A/D converter

ay, &, a, - identified parameters of the polynomial

a, = 0.0168
a, = 1.0451
a, =-0.0317
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2.3 Simulation Model & Controllers

Click the Smulation Model & Controllers button in the Magnetic Levitation Main
window. The following window opens (see Fig. 31).

Simulation Model & Controllers

Fig. 31. Simulation Model & Controllers window

2.3.1 Open Loop

=  Simulink modedl

Next, you can click the first Open Loop button. The following window opens (see Fig.
32). Notice that the scope block writes data to the MLSmData variable defined as a
structure with time. The structure consists of the following signals: Position [m], Ve ocity
[m/s], Current [A], Control [PWM duty 0+1].

Z1MLm_DpenLoop

hlagnetic Lewvitation
Animation

Pozition [m]

I]—Ln] | | Position [m
et wilocity [mis]

.- “wizlocity [y Curent [ |

Control | E— Current [A)]

Mﬁgf.ﬂ _. ‘Control

Ilagnetic Levitation
model

| .
L

haglew- model
Contral and States

Fig. 32. Open-loop simulation
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If you click the Magnetic Levitation model block the following mask opens (see Fig.
33).

[1 ?521 e 2 L3 8231 e 3]

[esies.0m2a ]
[1.41 42e 4 456250 3] ]

[IJ 00438, 'I 0.03334, 2 38] |

Fig. 33. Mask of the Magnetic Levitation model

In Fig. 32 enter into the File option and choose Look under mask. The interior of the
Magnetic Levitation model block shown in Fig. 34 opens.

™1 MLm_0OpenlLoop/Magnetic Levitation model

T

Position [m]

x1 [m]

x3 [

w2 )

Welocity [mis]

u

Current model

5 )

‘Current [A]

’ 2
- . = 4
|ﬂ—| Cantral POty

Saturation

S
Contral
- PUM Doty

Fig. 34. Interior of the ML model
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Notice two integrator blocks in Fig. 34. In fact we deal with third order dynamical
system. The third integrator related to the coil current isvisiblein Fig. 35.

S
Ll
Wi (1 e =

Integratar

Fon

Fig. 35. Interior of the Current model block

The Simulink model is aso equipped with the animation block. When a simulation starts
the following window opens (see Fig. 36). The animation screen is updated in every sample
time. All state variables: the ball position and velocity, and aso the coil current are
animated.

x [ml= 0009 x,[mis]=-0000 x, [A]= 0.934

11
@

Fig. 36. ML animation
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M athematical modé€

The Simulink model is consistent with the following nonlinear mathematical model
Modéel nieliniowy

where:

The parameters of the above equations are given in the table below

X =%

. Fem
Xp="—""%0g
m

L(kiu"'cl _Xs)

XB
fi (%)

Fin = X TP exp(—0)

em
FemPZ I:emP2

fL(4) =" exp(-

fiP2 fiPZ

x 0[0, 0.016], x,00,
u[uyn, 4

Xg O[ Xgpn» 2-38]

Parameters Values Units
m 0.0571 (big ball) [kg]
g 9.81 [m/s]]

(S function of x and x, [N]
Fops 1.7521107 [H]
Fopo 5.8231010° [m]
f.(x) function of x [1/]

fo 1.4142010* [m-s]

fo, 45626010 [m]

c 0.0243 [A]

k 2.5165 [A]
Xauin 0.03884 [A]
T 0.00498
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The electromagnetic force vs. position diagram is shown in Fig. 37 and the electro-
magnetic force vs. coil current diagram is shown respectively in Fig. 38.

3

25

15

Electromagnetic force [N]

0.5

0

Position [m]

Fig. 37. Electromagnetic force vs. position. The gravity force of the big ball (dashed
horizontal line) is crossing the curve at the 0.009 m distance from the electromagnet

3.5

= N
o N o

Electromagnetic force [N]

[N

0.5

|
|
|
1
1
Coil current [A]

Fig. 38. Electromagnetic force vs. coil current. The gravity force of the big ball (dashed
horizontal line) is crossing the curve at the 0.9345 A coil current

The electromagnetic force depends on two variables. the ball distance from the
electromagnet and the current in the electromagnetic coil. Thisis clearly presented in Fig.
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37 and Fig. 38. We can show these dependencies in three dimensional space (see Fig. 39).
The ball is stabilized at [x,, X,, X;] =col(9107°, 0, 9.345[10°%). It means that the ball
velocity remains equal to zero. The ball is levitating kept at the 9 mm distance from the

bottom of the electromagnet. The 0.9345 A current flowing through the magnetic coil isthe
appropriate value to balance the gravity force of the ball.

=
(¢
\
\
\

H
o
\
\
\\
\

a1

Electromagnetic force [N]

Coil current [A] Position [m]

Fig. 39. Electromagnetic force vs. coil current and distance from the el ectromagnet.

InFig. 40 the f;(x;) diagram is shown.

0.035

0.03)\- - -

0.025 -\~ -~~~

0.02f -\ -

fi(x,)

0.015 - -~ - - -\~

0.01 -~ --F----

0.005 -~~~ -~~~

| |

| |

1 1

L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 O.
Position [m]

16 0.018 0.02

Fig. 40. Function f;(x,)
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= Linear continuous model

ML is a highly nonlinear model. It can be approximated in an equilibrium point by a
linear model. The linear model can be described by three linear differential equations of the
first order in the form:

X=AxX+Bu
y=Cx
0 1 O 0
A=la,; 0 a,,|, B=|0
a,; 0 a; b,

The elements of the A matrix are expressed by the nonlinear model parameters in the
following way:

2 ~_%0
a, :@_Fempl g Ferrz
1 2
m FEH'IPZ

__ %0

a23 = — 2X30 FemPl e Fempz

m l:emPZ
. \2
oy 2
&, = _(kiu *+G _Xao)[_f_;le f'PZJ
iP2
Q33 =~ fi_l(xlo)
b, =k fi_l(xio)

The C vector elements correspond to an applied controller. For example, The PID
controller shown in the next subsection requires C in the form:

c=f1 o 0.

232 PID

If you click the PID button the following windows open (see Fig. 41).
The interior of the Magnetic Levitation model block has been shown in Fig. 34. The PID
controller isbuilt in the form:

_ d
u(t) = K, [&(t) + K, je(t)dt +K, ae(t)

e(t) = x(t) =%, ()
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EiMLm_pD
File Edit “iew Simulation Format Tools Help

=lalx|

D2E&| =22z r = [Noma e RE G ®
-
-
— ] !
Magnetic Levitation
Animation
P
m Position [h] e
Salocity [mis] il I:l
= -
Desired position [m] O Mgl Current [4] il
Current [4] i
Controller P
Maglev Control =
7 Tp haglev- model
Ma@etm Levitation Control and States
; randel
Signal
Generator
Ready |100% [ lodes 4

Fig. 41. PID simulation

The parameters given bellow are used in the PID controller.

Ball postion [m]

Coil current [A]

[EnY
o

©

(o]

15

Ko K, Ko
130 500 6
The simulated stabilization results are shown bel ow.
X 10
| | | 0.15
***** 7
M B e
| 1 : 2
| | | ‘S 0.05
| | | (@]
| | | o
| | | >
****** = 0
| | | @
1 1 1 -0.05
0 0.5 1 1.5
Time[g
1 1 1 >
| | | 3
[ — — N s
1 1 1 g
,,,,,, o __] B
| | | e
- :

Fig. 42. PID simulation — the desired position is a constant.
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[w] uonsod g

Time|[g

Time[s
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Anp AN - jouoD

[v]weuno 10D

Time[g

Time[g

Fig. 43. PID simulation — the desired position isin asine wave form.

x 10

e e e

0.15
0Lf-—--

[sjw] AoopA (g

11
10F-----

[w] uonsod |eg

Time|[g

Time[s

T T T

| [ |

| [ |

| [ |

| [ |

| [ |
e e === ™

| [ |

| [ |

| [ |

| |

| ! |
I | o~

| | |

| | |

| | |

| | |

| | |
[ —

| | |

| | |

| | |

| | |

| | |

L L L o

o o o

ANp WA - 103U0D

[\v]1uenno j10D

Time[g

Time[s

Fig. 44. PID simulation — the desired position isin a square wave form.
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233 LQ

If you click the LQ button the following windows open (see Fig. 45).

EiMim Lo o =lal x|

File Edit Wiew Simulation Format  Tools  Help

imr

hagn
Animation

Position [m] 25
m Pasition [m| bl
Salocity [mis] -
| “locity [my's] Lo}
[ fal0- w20 =20 O — -
Desired state Current [4] of
aglev -
i Cortrol L

1 itati Maglev- model

Ilagnetic Levitation
Control and Stat
Cantrol ud model antral an ates
Ready [1o0% I | fodes y

Fig. 45. LQ simulation

The continuous LQ regulator is depicted on the basis of ml_model4lg.mdl (see Fig. 46).
The user can use two files
e ML_cac steady statem

e ML_cdc Igm

The first one calculates the equilibrium point of the system. The second one calculates the
LQ controller parameters using linmod and Igr. linmod obtains linear models from systems
of ordinary differential equations. In the ML_calc_Ig.m file we encounter the following
command:

[A, B, C, D] = linmod('ml_model4lq);

Clmodeldlq i o ] |

Elle Edit Miew Simulation Format Tools  Help

OS] & BBl L2z » IlNormal 'i|@lﬁ!|ﬁ‘¢®

L

Ready [100% [ [ lode v

a1 [m]

=3[y

In1

Current model

Fig. 46. Ml_model4lq.mdl to extract an LQ regulator
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The state-space linear model of the system of ordinary differential equations described
in the block diagram 'model4lq' is returned in the form of the A, B, C, D matrices. The state
variables and inputs are set to the defaults specified in the block diagram. Having obtained
the linear model calculated at x10, x20, x30 equilibrium point for the assumed value u0 of

the control we are ready to calculate the K gains of the LQ controller. We only need to
assume the Q and R matrices. From the ML_calc_|Ig.mfile we have

Q=eye(3,3); Q(1,1)=300; Q(2,2=0.001; Q(3,3) =10; R=10.5;
The following assumptions corresponding to the Q and R weighting matrices have to be

satisfied:

Q=0 R>0
The following command from the ML_calc_lg.mfile:

[K,S,E] =lgr(A,B,QR)

calculates the optimal gain matrix K such that the state-feedback law u = —Kx minimizes
the cost function [(X'Qx +u'Ru)dt subject to the state dynamics % = Ax+ Bu.
Now, the gain vector K can be used as the optimal feedback (see the Simulink diagram in

Fig. 45). We start the LQ simulation for a constant desired value and for the desired
position assumed in a sine wave form. We obtain the results shown in Fig. 47 and Fig. 48.

x 10
95 7 T i 003 | | |
A ] S
s | | 2 | | |
"E.; ’ : : : 8 0.01H----- :’ ***** ‘T ***** “( ******
o | | | D | I I
E‘ g5l o L b > | | |
E - g
l l l .0.01 l l 1
0 0.5 1 15 0 0.5 1 15 2
Time[s] Time[g]
1 | | | 04 | | |
l l l [~ l l l
SEE N— : : S 03l - I SN .
< | | | = ' | | |
l: 0-9777777\777777\7777777 777777 z | | |
z o 2 020 ]
3 l l l : l l l
5 08— SRR R 1T 2 o1 | | |
S o 8§ |
07 | | | 0 | | |
0 0.5 1 15 2 0 0.5 1 15 2
Time[s] Time [g]

Fig. 47. LQ simulation — the desired position is a constant
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Fig. 48. LQ simulation — the desired position isin asine wave form
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Fig. 49. LQ simulation — the desired position isin a square wave form
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Similarly, we perform the LQ simulation for the desired position assumed in a square wave

form. The simulation results are consequently shown in Fig. 49.

Remember that the obtained results are correct as long as the control and
|:> state variables do not saturate. Otherwise, the control algorithm has nothing

to do with theLQ policy.

234 LQtracking

If you click the LQ tracking button the following windows open (see Fig. 50). We do
remember that the LQ control policy has been calculated for a given equilibrium point. To
improve the LQ control action we introduce the LQ tracking policy. For each new value of
the ball position the ball velocity, coil current values and the control are recalculated on the
basis of nonlinear dynamica equations of ML (the ML_GetSState s-function is used). In
fact we should introduce a no-stationary LQ — it means solve the Riccati equation for every

new equilibrium point to obtain anew value of the gain vector K.

ﬁMLm_I.IJI:rack
File Edit ‘iew Simulation Formab Tools Help

=0l x|

DID"Q@I#'%EIQ'.‘I) 'lNormaI 'Ii@“_‘,|nﬂ‘®

lmr
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"
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MagLew

Signal
Generator

b

b
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“ilocity [my

<]
Curment [4]

Current [#]

Y ¥ ¥ r

Pt Tilagnetic Levitation
el

Coritrol

Maglew- model
Control and States

Ready [100% |

lodes

Fig. 50. LQ tracking simulation

Now, the gain vector K can be used as the optimal feedback (see the Simulink diagram
in Fig. 50). We start the LQ tracking simulation for a constant desired value and for the
desired position assumed in sine and square wave forms. We obtain the results shown in

Fig. 51, Fig. 52 and Fig. 53.
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Fig. 51. LQ tracking simulation — the desired position is a constant
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Fig. 52. LQ tracking simulation — the desired position isin asine wave form.
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Fig. 53. LQ tracking simulation — the desired position isin a square wave form.
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2.4 Levitation

All simulation experiments can be repeated as rea-time experiments. In this way one
can verify accuracy of modelling. If we double click the levitation button in the ML Main
window the following window opens (see Fig. 54).

IS =T

e Edit View Simulation Format Tools Help

Experimental Controllers

Fig. 54. Experimental controllers

Now, we can choose the controller we are interested in. We start from the PID control.

241 PID

Double click the PID button. The real-time PID controller opens (see Fig. 55). The results
of the real-time experiment are shown in: Fig. 56, Fig. 57 and Fig. 58.

lolx

File Edt Yiew Smulation Format Tools  Help

D|@n '§| B B | ol | 13 ;ﬁ__lExternaI "H .@fﬁ] | ﬁ ar @

Position [m]

“welocity [mss]

Current [#]
Contraller

¥ Y ¥y

hlaglew - system

Magnetic Levitation
Systam Control and States

Signal
Generator

Ready [100% | | lodes &

Fig. 55. PID real-time experiment.
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Fig. 57. PID real-time experiment. The desired position in asine wave form.
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Fig. 58. PID real-time experiment. The desired position in a square wave form.

242 LQ

Double click the LQ button. The real-time LQ controller opens (see Fig. 59). The results
of the real-time experiment are shown in: Fig. 60, Fig. 61 and Fig. 62.
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Fig. 59. LQ real-time experiment.

MLS User’'s Manual -39-



| = |
= |
” = ”
| |
L=
| = |
| =S |
” = ”
| = |
——— e = - - - - — — A
| |
| |
” ”
| |
1 = _ _I_ _ _ _
|
| = |
| = |
” = ”
— Lo nw Lo —
o Q I~ o
o 0. [
[s/w] Ayoopn (g
| |
| |
| |
| |
| |
f—————- - === —F-———-—-
| |
| |
| |
| |
| |
- - — — — — l— — - — — -3 - - — - — 4
| |
| |
| |
” ” 4
L — — — - - - = _ _ _ _ ]
” q ,
” ” ”
1 ”
— o ()] o0}
— —

[w] uonsod g

Time|[g

Time[s

Anp WA - 103U0D

[v]1ue1nd j10D

Time|[g

Time[s

[s/w] Ao |leg

Fig. 60. LQ real-time experiment. The desired position as a constant.
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Fig. 62. LQ real-time experiment. The desired position in a square wave form.

24.3 LQtracking

Double click the LQ tracking button. The real-time LQ tracking controller opens (see
Fig. 63). Theresults of the real-time experiment are shown in Fig. 64, Fig. 65 and Fig. 66.
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Fig. 63. LQ tracking real-time experiment.
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Fig. 64. LQ tracking rea-time experiment. The desired position as a constant.
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Fig. 65. LQ tracking real-time experiment. The desired position in a sine wave form.
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Fig. 66. LQ tracking real-time experiment. The desired position in a square wave form.
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3 Description of the Magnetic Levitation class properties

The MaglLev is a MATLAB class, which gives the access to al the features of the
RT-DACA4/PCI board supported with the logic for the MLS model. The RT-DAC4/PCI
board is an interface between the control software executed by a PC computer and the
power-interface electronic of the modular servo model. The logic on the board contains the
following blocks:

* PWM generation block — generates the Pulse-Width Modulation output signal.
Simultaneously the direction signal and the brake signal are generated to control the
power interface module. The PWM prescaler determines the frequency of the PWM
wave;

e power interface thermal status —the thermal status can be used to disable the
operation of the overheated actuator unit;

e interface to the on-board analog-to-digital converter. The A/D converter is applied to
measure the position of the ball (light sensor) and to measure the coil current of the
actuator.

All the parameters and measured variables from the RT-DAC4/PCI board are accessible by
appropriate properties of the MagLev class.

In the MATLAB environment the object of the MagLev classis created by the command:
object_name = MagLev;

for example ml = maglev;

The get method is called to read a value of the property of the object:

property value = get( object_name, ‘property_name’ );

The set method is called to set new value of the given property:

set( object_name, ‘property_name’, new_property value);
The display method is applied to display the property values when the object name is
entered in the MATLAB command window.

This section describes al the properties of the MagLev class. The description consists of
the following fields:

Purpose Provides short description of the property

Synopsis Shows the format of the method calls

Description Describes what the property does and the restrictions subjected
to the property

Arguments Describes arguments of the set method

See Refers to other related properties

Examples Provides examples how the property can be used
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3.1 BaseAddress

Purpose: Read the base address of the RT-DA C4/PCI board.
Synopsis: BaseAddress = get( ml, ‘BaseAddress' );

Description: The base address of RT-DAC4/PCI board is determined by computer.
Each CML object has to know the base address of the board. When a CML
object is created the base address is detected automatically. The detection
procedure detects the base address of the first RT-DAC4/PCI board
plugged into the PCI dlots.

Example: Create the MagL ev object:

ml = MagLeyv;,

Display their properties by typing the command:

ml
Type: I nTeCo M. obj ect
BaseAddr ess: 54272 | D400 Hex
Bi tstream ver.: x901
I nput vol t age: [ 0.8451 0.0244 [ V]
PWM [ 0]
PWM Prescal er: [ 0]
Thermal status: [ 0]
Ti ne: 0. 00 [sec]

Read the base address:

BA = get( ml, ‘BaseAddress );

3.2 BitstreamVersion

Purpose: Read the version of the logic stored in the RT-DAC4/PCI board.
Synopsis: Version = get( ml, ‘BitstreamVersion’ );

Description: The property determines the version of the logic design of the
RT-DAC4/PCI board. The magnetic levitation models may vary and the
detection of the logic design version makes it possible to check if the
logic design is compatible with the physical model.

3.3 PWM

Purpose: Set the duty cycle of the PWM wave.

Synopsis: PWM = get( ml, ‘PWM");
set(ml, ‘PWM’, NewPWM );
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Description: The property determines the duty cycle and direction of the PWM wave.
The PWM wave is used to control the electromagnet so in fact this property
isresponsible for the electromagnet control signal. The NewPVWM variableis
a scalars in the range from 0 to 1. The value of +1 means the maximum
control, 0.0 means zero control.

Seee PWMPrescaler

Example: set(ml, ‘PWM’,[0.5]);

3.4 PWMPrescaler

Purpose: Determine the frequency of the PWM wave.

Synopsis: Prescaler = get( ml, ‘PWMPrescaler’ );
set( ml, ‘PWMPrescaler’, NewPrescaler );

Description: The prescaler value can vary from O to 16. The O value generates the
maximal PWM frequency. The value 16 generates the minimal frequency.
The frequency of the generated PWM wave is given by the formula:

Seee PWM

3.5 Stop
Purpose: Sets the control signal to zero.
Synopsis. set(ml, ‘Stop’ );

Description: This property can be called only by the set method. It sets the zero control
of the electromagnet and is equivalent to the set(ml, ‘PWM’, 0) call.

Seee PWM

3.6 Voltage

Purpose: Read two voltage values.
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Synopsis: Volt = get( ml, *Voltage' );

Description: Returns the voltage of two analog inputs. Usually the analog inputs are
applied to measure the ball position and the coil current.

3.7 ThermStatus

Purpose: Read thermal status flag of the power amplifier.
Synopsis: ThermS = get( ml, ‘ ThermSatus' );

Description: Returns the thermal flag of the power amplifier. When the temperature of
apower amplifier istoo high theflagis set to 1.

3.8 Time

Purpose: Return time information.
Synopsis: T=get(ml, ‘Time );
Description: The MagLev object contains the time counter. When a MagLev object is
created the time counter is set to zero. Each reference to the Time property

updates its value. The value is equal to the number of milliseconds which
elapsed since the object was created.

3.9 Quick reference table

Property name | Operation” | Description
BaseAddress R Read the base address of the RT-DAC4/PCI board
BitstreamVersion R S_?_a% Atgjl P\éelr?) ggr ; of the logic design for the
PWM R+S Read/set the parameters of the PWM wave
PWMPrescaler R+S Read/set the frequency of the PWM wave
Sop S Set the control signal to zero
Voltage R Read the input voltages
ThermStatus R Read the thermal flags of the power amplifier
Time R Read time information

* R —read-only property, S — alowed only set operation, R+S —property may be
read and set
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