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Introduction

The Magnetic Levitation Systemith 2 ElectromagnetéMLS2EM) is a complete (after
assembling and software installation) control lalbary system ready to experiments. The
is an ideal tool for demonstration of magnetic t@won phenomena. This is a classic
control problem used in many practical applicatiugh as transportation - magnetic
levitated trains, using both analogue and digitditsons to maintain a metallic ball in an
electromagnetic fieldVILS2EMconsists of two electromagnets, the suspendedvaiieel
sphere, the sphere position sensors, computerfaoterboard and drivers, a signal
conditioning unit, connecting cables, real time toointoolbox and a laboratory manual.
This is a single degree of freedom system for tegcbf control systems; signal analysis,
real-time control applications such as MATLAB. Mli$Sa nonlinear, open-loop unstable
and time varying dynamical system. The basic ppiecof MLS operation is to apply the
voltage to an upper electromagnet to keep a fergoetec object levitated. The object
position is determined through a sensor. Additignéhe coil current is measured to
explore identification and multi loop or nonlineantrol strategies. To levitate the sphere
a real-time controller is required. The equilibrigtage of two forces (the gravitational and
electromagnetic) has to be maintained by this otletrto keep the sphere in a desired
distance from the magnet. When two electromagnetssed the lower one can be used for
external excitation or as contraction unit. Thiatfee extends the MLS application and is
useful in robust controllers design. The positidrthe sphere may be adjusted using the
set-point control and the stability may be variesing the gain control. Two different
diameter spheres are provided. The band-widthaaf tompensation may be changed and
the stability and response time investigated. disdined controllers may be tested.

1.1 Laboratory set-up

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

Electromagnet 1

Sensor. !
‘Spher
RT-DACA4/PCI 4

Electromagnet 2
board N g ]

Power
supply

Fig. 1. MLS2EM laboratory set-up
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One obtains the mechanical unit with power supply &nterface to a PC and the
dedicated RTDACA4/PCI I/O board configured in thdin&" technology. The software
operates in real time under MS WindoW2000/XP using MATLAB//Simulink and RTW

and RTWT toolboxes.

Control experiments are programmed and executeehiftime in the MATLAB/Simulink
environment. Thus it is strongly recommended t@er uto be familiar with the RTW and
RTWT toolboxes. One has to know how to use theclé@d models and how to create his
own models.

The control software for the MLS2EM is includedtire MLS2EM toolbox This toolbox
uses the RTWT and RTW toolboxes from MATLAB.

MLS2EM Toolboxs a collection of M-functions, MDL-models and Gee DLL-files that
extends the MATLAB environment in order to solve $1imodelling, design and control
problems. The integrated software supports all gha$ a control system development:

» on-line process identification,

» control system modelling, design and simulation,

» real-time implementation of control algorithms.

MLS2EM Toolboxs intended to provide a user with a variety dfware tools enabling:
» on-line information flow between the process ahd MATLAB environment,
» real-time control experiments using demo algorithms
» development, simulation and application of useirgf control algorithms

MLS2EM Toolboxs distributed on a CD-ROM. It contains softwared ahe MLS2EM
User’'s Manual Thelnstallation Manualis distributed in a printed form.

1.2 Hardware and software requirements.

Hardware
Hardware installation is described in thesemblingnanual. It consists of:
+ Two electromagnets
+ Ferromagnetic objects
+ Position sensor
- Current sensors
« Power interface
+  RTDACA4/PCI measurement and control 1/O board
« Pentium or AMD based personal computer.

Software
For development of the project and automatic bagdif the real-time program is required.
The following software has to be properly instaledthe PC:
e MS Windows 2000 or Windows XP. MATLAB/Simulink, Sigl Processing
Toolbox and Control Toolbox from MathWorks Inc.develop the project.
* Real Time Workshop to generate the code.
* Real Time Windows Target toolbox.
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* The MagLev toolbox which includes specialised drivers for MLS2EM, Tées
drivers are responsible for communication betweeATMAB and the RT-
DAC4/PCI measuring and control board.

e MS Visual C++ to compile the generated code if MAB version 6.5 is used.

1.3 Features of MLS

« Aluminium construction

« Two ferromagnetic objects (spheres) with diffenepight

« Photo detector to sense the object position

+ Coil current sensors

« A highly nonlinear system ideal for illustratingmaplex control algorithms

« None friction effects are present in the system

. The set-up is fully integrated with MATLABSimulink” and operates in real-time
in MS Windows' 2000/XP

« The software includes complete 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

+ Real-Time control

+ Closed Loop PID Control

1.5 Software installation
Insert the installation CD and proceed step by &ibpwing displayed commands.
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2 ML Main Window

The user has a rapid access to all basic funcbbrise MLS System from thBILS2EM
Control Window. In the Matlab Command Window type:

MLS2EM_Main

and then thélagnetic Levitation Mainvindow opens (see Fig. 2).

EIMLS2EM_Main

/

MaglLev
Device Drivers

Fig. 2. The Magnetic Levitation Main window

In the MLS2EM_Main window one can find: testing tgodrivers, models and demo
applications. You can see a number of pushbutedyrto use.
The MLS2EM_Main windowshown in Fig. 2 contains four groups of the meema:

* Tools — identification

* RTWT Device Driver — MagLev device drivers

» Simulation model and controllers

* Real-time experiments — levitation
Section 2 is divided into four subsections. Undache button in the MLS2EM_Main
window one can find the respective portion of saftsv corresponding to the problem

announced by the button name. These problems ailbed below in four consecutive
subsections.
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2.1 Identification

If we click the identification button the followingindow (see Fig. 3) opens. There are the
default values of all parameters defined by the ufeiurer. Nevertheless, a user is
equipped with a number of identification tools. Han perform the identification
procedures to verify and if necessary modify stamd dynamic characteristics of
MLS2EM.

5] MLS 2EM_Identification

Identification

Fig. 3. The identification window

Four identification steps have been preprogrammbey are described below.

2.1.1 Sensor
In this subsection the position sensor charactesist identified.
If you click the Sensor button the following windmpens (see Fig. 4)

EE]

Magley - Sensor characteristics identification

Ratation number: 00 Measure | Mesaured value [V]:

Distance [mm]. Sensor output [

|

Export Data

MLS2EM User’s Manual _7-



Fig. 4. Sensor signal in [V] vs. the sphere distainom the electromagnet in [mm]
The following procedure is required to identify ttiearacteristics.
1. Screw in the screw bolt into the bottom electagnet.

2. Screw in the black sphere and lock it by the Natice, thathe sphere is fixed
to the bottom electromagnet and frame recpectively!

3. Turn round the screw so the sphere is in touth ¥he bottom of the top
electromagnet.

Make sure that the power is on.
Start the measuring and registration proceducensists of the following steps:

Push theMeasurebutton — the voltage from the position sensor est and
displayed adMleasured value [V] One can correct this value by measuring it
again.

= Push theAdd button — the measured value is added to the lisatétion
number value is automatically enlarged by one Fsge5b).

il

MaglLey - Sensor characteristics identification

Fatation number. 15 Measure | Mezaured value [¥]: 3.0972

Senzor output [v]

0.7000. 4.9878
1.4000, 4.9585
21000, 49145
2.8000, 4.8553
3.5000, 47777
4.2000, 4.6800
4.9000, 4.5481
9.6000, 4.4016
£.3000, 4.2062
7.0000, 4.0053
7.7000, 3.7860
5.4000, 3.5418
3.1000, 3.3073
3.8000, 3.0972

Distance [mm]

Export Data | ;I

Fig. 5. Characteristics of the sphere position @ens

= Manually make one full rotation of the screw.

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

7. Push thé&xport Databutton — the data are written to the disc (see GjgData
are stored in thtMLS2EM_Sensor.mdile as theSensorDatastructure with the
following signals:Distance_mmbDistance_nmand Sensor_V

In the Simulink real-time models the above charésties is used as a Look-Up-Table
model. The block name®osition scalingis located inside the device driver block of
MLS2EM (see Fig. 7). Notice, that the charactarsstshows meters vs. Volts. In Fig. 6
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there were shown Volts vs. meters. It is obviowd the require the inverse characteristics
because we need to define the output as the positimeters.

Notice that the characteristics can be different da to manufacturing process and
light conditions.

JTTR

3.5

2.5

Sensor signal [V]

1.5

1 N

0.5 ‘
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 sonea and exported to the disc

Position scaling

[V]to [m]

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

If we click this block the window shown in Fig. §ens. Any time you like to modify
the sensor characteristics you can introduce nesvrétated to the voltage measured by the
sensor. The voltage corresponds to the distanctheofsphere set by a user while the
identification procedure is performed. The sensbaracteristics is loaded from the
MLS2EM_sensor.mdile which has been created during the identifmagprocedure. If the
curve of thePosition scalingolock is not visible please load the file withalat

The sensor characteristics can be approximated fmlymomial of a given order. For
example, we can use a fifth order polynomial.
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P(X) = psX° +...+ Py

ps =-25697073504.59, p, =1245050011.25, p,=-18773635.92, p,=79330.24,
p, =—-150.21 andp, =5.015.

Block Parameters: Position scaling [¥] to [n #
— Look-Up Table

Perfarm 1-0 linear interpolation of input values wzing the zpecified table.
E strapolation iz performed outzide the table boundaries.

— Parameters

Wector of input valuess:
ISensarD ata. Senzar_W(end:-1:1)

Wector of output values:

ISensurD ata.Diztance_miend:-1:1)

0k, Cancel Help Spply

Fig. 8. Look-Up Table to be fulfilled with vectoo$ input and output values

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

5.5

B N
45 N

‘ N
3.5 \
: AN
2.5 \
: N
N

1.5 N

1 \;
\K"*H—*
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Distance [m]

Sensor signal [V]

0.5

Fig. 9. The sensor characteristics approximateith®yifth order polynomial
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2.1.2 Actuator static mode

In this subsection we examine static features ef dhtuator i.e. the electromagnet.
Notice, thathe sphereis not present
Click the Actuator static modbutton and the window shown in Fig. 10 opens.

[EIMLSZEM_ActStatSteps

Actuator identification - static mode

Build model
for data
aciuisition

Fig. 10. Identification window of a static currerdftage characteristics

Now, we can perform button by button the operatidegicted in Fig. 10. We begin from
the Build model for data acquisitiobutton. The window of the real-time task shown in
Fig. 11 opens and the RTW build command is execfitedexecutable code is created).

| Pasition [m]

wilocity [mfs]

| B Cument [4]

But: Curment [A]

Control signal

hagLewzEbd
Magnetic Levitation Controls and States
System ZEM

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

Click the Set control gairbutton. It results in activation of the model wanwd and the
following message is displayed (see Fig. 12):
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Fig. 12. Message — Set the “Control Gain”

In Fig. 11 one can notice th@ontrol signalblock. In fact the control signal increases
linearly. We can modify the slope of this signahobing theControl Gainvalue.

Click the Data acquisitionbutton. Within 10 seconds data are acquired aeéditn the
workspace.

Click the Data analysishutton. The collected values of the coil currarm displayed in
Fig. 13.

Fig. 13. Current in the electromagnetic coill

The characteristics is linear except a small irgkeat the beginning. We can locate the
cursor at the point where a new line slope sta¢e the red line in the picture). We can
move the cursor in two ways: by writing down a \alato the edition window or by
drugging the slider. In this way the current cheeastics is prepared to be analyzed in the
next step. The line is divided into two intervatbie first — from the beginning of
measurements to the cursor and the second — frecutisor to the end of measurements.

After setting the cursor position, consequentiigkcthe Analyzebutton. The following
message (see Fig. 14) appears. We obtain the ziwssl values corresponding to the
control and current. The constaatgndb of the linear part are the parameters of the line
equation:i(u) =au+b.
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) Maglev — IEE|

Actuator characteniztics analysiz:
Dead zone walues:

Contral: 00043200

Current; 0.0388368[4]

Linear part: 25165035 0.0242311
]9 |

Fig. 14. Coefficients of the actuator charactesssti

These parameters, namely,, =0. 00498,,, =0.03884, k, =2.5165andc, =0. 0243
are going to be used in the simulation model inige@.3.1 (see the differential equations
parameters).

To obtain a family of static characteristics fardar controls with different slopes we
repeat the following experiment. We apply a PWMtagé signal in the time interval from
0 to 10 s. The PWM duty cycles for the subsequamiekperiments are varying linearly in
the ranges: [0, 0.1], [0, 0.2], ..., [0, 1.0] ($@g. 16 ).

1

0.9

0.8

0.7

>

3 0.6

s

Z 05

§04 ///

: 03 —
. = —
0.2 / ot
01 o
| — s S e

o

o

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 currentsesponding to ten experiment (see
Fig. 16). Each characteristics is approximated pglgnomial of the first order. Finally the
entire current vs. PWM duty cycle relation is dégic(black points) in Fig. 17. The red
line represents the linear approximation of measerds. We obtain the following
numerical values of linear characteristics:

i(u)=ku+c; a=2.60798876298869pb = —0.01077522109792.

The constant is obtained foru = 0. The family of linear characteristics is used biain
the coefficients; vs. controlu.
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25

’ g 5::
. =
IRRp ———=

-0.5
0 1 2 3 4 5 6

Time [s]

~
©
©
S

Fig. 16. Family of the output (current) characties

2.5

Current [A]

0.5

-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

Using the EM Selector block select the electromagnet to be controlled an
repeat the whole procedure for both electromagnets.

2.1.3 Minimal control

In this subsection we examine the minimal contmicause a forced motion of the
sphere from the bottom electromagnet toward theeupfectromagnet against the gravity
force. Notice, that in this experimetite sphere is not levitating It is kept nearby the
electromagnet in the operating range.
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Click the Minimal controlbutton and the window shown in Fig. 18 opens.

] MLS 2EM_MinCHriSteps

Minimal control identification

Build model
for data
acruisition

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

Now, we proceed button by button the operationdatiegh in Fig. 18 similarly to the
procedure described in the previous subsectionbégen from theBuild model for data
acquisitionbutton. The window of the real-time task shown iig. B9 opens.

| Position [m]

wilocity [mis]

Bl Current
Control signal oretdy

| Btz Current [4]
B Contral

EMZ Cantrol I MaglevzEh

Magnetic Lewitation Controls and States
Systemn ZEM

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

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

Fig. 20. Message — set the “Control Gain”
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It means that we can set a duty cycle of the coRY@M signal. The sphere is located
on the support and the experiment starts. Click Dlata acquisitionbutton. A forced

motion of the ball toward the electromagnet begins.
Click the Data analysisbutton. The collected values of the ball positésa displayed

in Fig. 21.

I

MaglLey - Minimal control analysis

2l R R

Fig. 21. The sphere motion

The sphere motion is visible. We can locate thesauat the point slightly before a
position jump occurs (takes place) (see the reglihirthe picture). We can move the cursor
in two ways: by writing down a value into the editiwindow or by drugging the slider. In

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

After setting the cursor position, consequentlickcthe Analyzebutton. The following
message (see Fig. 22) appears. This informatiomsndeat the sphere located 15.82 mm
from the electromagnet begins to move toward itrwtiee PWM control over-crosses the

0.49485 duty cycle value.

) vagtey RSP

inimal control analysiz:
Pozition [m]: 0.0158200
Current [&] 0.4348500

o |

Fig. 22. Message of the experiment results
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2.1.4 Actuator dynamic mode

In this subsection we examine dynamic featuresi@factuator i.e. the electromagnet. It
means that the moving sphere generates an eledivenforce (EMF). EMF diminishes
the current in the electromagnet coil. Click thetuator static modbutton and the window
shown in Fig. 23 opens.

I MLS2EM_ActDynSteps

Actuator identification - dynamic mode

Build model
for data
acruisition

Fig. 23. Identification window of a dynamic currimitage characteristics

A user should perform three experiments: withoa $phere Without bal), with the
sphere located on the bottom electromagBatl (on EM and with the sphere fixed to the
rigid screw Ball fixed).

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

O T

[ Pazttion [m]

“elocity [mis]
Bl Current [A]

Control signal

hlaglevZEhd
Magnetic Lewitation Controls and States
Systemn ZEM

Fig. 24. Real-time model built to examine EMF imfiice on the coil current

MLS2EM User’s Manual -17-



Click theData analysisoutton. It calls thenls2em_find_curr_dyn.ffile. The following
window opens (see Fig. 25). The parameters optiiizaprocedure starts. The
optimization routine is based on tmels2em_current_m.mdhodel.

Whenmls2em_find_curr_dyn.muns the optimization functiofminsearchis executed.
Fminsearchuses thenls2em_opt_current.file.

Thek; andf; parameters are iteratively changed during tharpétion procedure. The
current curve is fitted four times. This is dudhe control signal form.

0.1

I I
—— measured current

—— modeled current
l l l

| | |
| | |
1 1 1
1 1 1
0O 002 004 006 008 01 012 014 016 018

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

Finally the information about the mean values spliiyed (see Fig. 26). The advanced
user can use the functions code to perform a éetaihalysis.

<) MaglLev M =l |

Actuator dynamic analyzis:

Mean ki value: 24525018
tean fi walue: 00258334

ok |

Fig. 26. Optimization results

Using the EM Selector block select the electromagnet to be controlled an
repeat the whole procedure for both electromagnets.
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2.2 MagLlLev device drivers

The driver is a software go-between for the reaktiMATLAB environment and the
RT-DAC4/PCI acquisition board. The control and meaments are driven. Click the
RTWT Device Driverdutton in theMagnetic Levitation Mairwindow. The following
window opens (see Fig. 27).

CIMLSZEM_DevDiiv =10] x|

Fie Edt Yiew Simulston Fomal Tools Help
[ |ﬁ:m é| e ) | e “ﬁ" | 21 | b ® |1E| :lE:-:temaI j| - @@ l‘e_‘!l = @E

MagLev
Device driver

¥

Pasition [m]

] “wilocity [mss]

EM1 Contral

Bl Curmrent [4]

Bt Current [4]

o —
f

| -
L
EM2 Control = [ ] Moot
hagnetic Levitation Controls and States
Systemn ZER
Ready [100 I | lode5 4

Fig. 27. RTWT MagLev device driver window

Notice that the scope block writes data to MeS2EMExpDatavariable defined as a
structure with time. The structure consists of filowing signals: Position [m], Velocity
[m/s], EM1 Current [A] and EM2 Current [A], EM1 Cool [PWM duty 0+1] and EM2
Control [PWM duty 0+1]. The interior of th®lagnetic Levitation System 2EMock (it
means the interior of the driver block) is showrrig. 28.

In fact there are two drivers: MLS2EM_Analoglnpatsd MLS2EM_PWM. There are also
two characteristics: the ball position [m] vs. thesition sensor voltage [V] and the coil
current vs. the current sensor voltage [V]. Theoedoone should be individually identified
for the appropriate electromagnet. The driver digestions, which communicates directly
with logic stored at the RT-DAC4/PCI board. Where avants to build his own application
he can copy this driver to a new model.
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ﬁMLSZEM_DevDIiv}MagnE[ic Levitation System 2EM
File Edit View Simulation Fomat Tools Help

DeEE|rEe(cs 2y Fhe (oo FlEHERSEH REES

1

]

0.012+1 5
Pasition scaling Pasition Filter ? Fosition [m]
[+ te [m]
']
MLSZEM_An - |
. Ii h 1
11 Analog Inputs g 0.01s+1 2
Pkt Wode T Velooity Filter Welosity [mig]
a
(111 .
L]
Pl P rescaler
m MLSZER_Piiihd » = / N 1
ﬂ —m Thermal Flag 0.01s+1
Pt Brake . o
P EM1 Current scalling Current Filter Ehi1 Current [&]
[ to (4]
@‘7 - i ——
0.01s+1 2
EMZ Current scalling Current Filtert EMZ Current [2]
[ to (4]

w5

EN1 Control [Fiihd duty]

=

Co—
EMA1 Control
[PYIM Duty] Saturation EM1

-

EM2 Contral [P duty]

2 >
Ehi2 Control
[P Duty]

an

Saturation EmM2

Ready [1002 | |ode5 s

Fig. 28. Interior of the driver block

Do not introduce any changes inside the original dver. They can be
I:> introduced only inside its copy!!! Make a copy of he installation CD.

The Simulink Look-Up-Table model nam@&sition scaling(see Fig. 7) representing the
position sensor characteristics has been alreasiyridbed. Now let us present the second
Simulink Look-Up-Table model namégurrent scaling(see Fig. 29).

Current scalling

[Vl to [A]

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

To build the above characteristics it is necesdarymeasure the current of the
electromagnet coil. The algorithm in the compugehe source of the desired value of the
control in the form of the voltage PWM signal. THSVM is the input voltage signal
transferred to the LMD18200 chip of the power ifgee. Due to a high frequency of the
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PWM signal the measured current values corresporttiéd average current value in the
coil. This characteristics has been built by thenufacturer. It is not recommended to

repeat measurements by a user because to do soumtaunsolder the input wires of the

electromagnet. On the basis of the data givenertdble below one can generate his own
characteristics. For a fixed PWM frequency and igabée duty cycle the coil amperage is

measured. The measured data are given below alble

PWM duty cyclel 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

The current [A] vs. voltage [V] characteristicsstsown in Fig. 30.

2.5 /
| /
_ 15 *
<
=
o
5
©
0.5
0Lk
0 05 1 L5 2 2.5

Measured signal [V]

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

The characteristic can be approximated by a polyaloof the second order:

MLS2EM User’s Manual -21-



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

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

a,, 8, a, - identified parameters of the polynomial

a, = 0.0168
a, = 1.0451
a, =-0.0317

MLS2EM User’s Manual

-22-



2.3 Simulation Model & Controllers

Click the Simulation Model & Controllersoutton in theMagnetic Levitation Main
window. The following window opens (see Fig. 31).

EIMLS2EM_Sim

Simulation Model & Controllers

Fig. 31. Simulation Model & Controllers window

2.3.1 Open Loop

=  Simulink model

Next, you can click the firdDpen Loopbutton. The following window opens (see Fig.
32). Notice that the scope block writes data toMe&S2EMSimDatavariable defined as a
structure with time. The structure consists of fiblowing signals: Position [m], Velocity
[m/s], Currents [A], Controls [PWM duty 0+1].

CIMLS2EM_OpenLoop_m —[a[x

DS EH&[ s (e ¢ [Da]r = o [ ¢

Magnetic Levitation
Animation

Paosition [m]

|_|_|_|_|_| “locity [mis]
wialocity [mJs]
O Bl Curment [A]

Bt Currert [#]

B 1 Cantral

Maglev - model
Contrel and States

¥ ¥ ¥Y
L 2 II

WLSZER

gy

Bhit2 Cantral

IWagnetic Levitation
mode] (MLS2ER)

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

E! Function Block Parameters: Magnetic Levitation model [MLS2EM] x|

[0.003 00.90]
0.0571

[1.7521e-2, 5.8231 &3]

[2.5165, 0.0243]

[1.4142e-4, 4. 56263

[0.00433, 1, 0.03554, 2.38]
0.075

Fig. 33. Mask ofthe Magnetic Levitation model MLS2EM
In Fig. 32 enter into th&ile option and chooskook under maskThe interior of the
Magnetic Levitation modéMLS2EM)block shown in Fig. 34 opens.

Please note that we assume that the actuator and eetromagnetic force
characteristics are the same for both units.
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E1MLS2EM_Dpenloop_m/Magnetic Levitation model (MLSG2EM])

D& 5 ER e 4 (e r oo (v 2| S B & E

\0 | {1
q
*1 ) ! 1
— ] Fem 1m L L 1[ Fout
x4 w3 (4] s B osition [m]
u
EM1 Fem Am @ 1
EM1
Current madel » Tz
L Weloeity [miz]
r’@_ﬁ » )
" Cunent [4]
[ » j[ »(5)
EM1 Cantrol Control PWhDuty
- UMM Dty _
EMsDistancs +
Ballbiameter »
-
»
Lrh m)
Lt fm] Fem
w4 0 [4]
U
EMZ Fem
EM 2 L %)
Current model o Current [A]1
— s
EM2 Contral =1 Cantral PO Dutyd
- P Cuty

Fig. 34. Interior of the MLS2EM model

Notice two integrator blocks in Fig. 34. In fact wleal with third order dynamical
system. The third integrator related to the cortent is visible in Fig. 35.

E! MLm_OpenlLoop/Magnetic Levitation model/Current model

NS H&| 4R

..1_},(
rS

Integratar

Ki U1 T ol

Fon

Fig. 35. Interior of th&Current modeblock

The Simulink model is also equipped with the aniorablock. When a simulation starts
the following window opens (see Fig. 36). The aniorascreen is updated in every sample
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time. All state variables: the ball position andoetty, and also the coil currents are
animated.

) Magnetic Levitation Animation MLS2EM

File Edit Yiew Insedt Tools Deskiop ‘'Windowe Help N
%, [m]= 0.007 wy [A]= 0.754
%, [mfs]= 0.004 %, [A]= 0.350

Fig. 36. MLS2EM animation
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=  Mathematical model

The schematic diagram of the MLS2EM system is shownFig. 37. Two
electromagnetic forces and gravity force act onfémeomagnetic sphere located between
electromagnets. The lower electromagnet can be fgeelxternal force excitation or as
additional force to the gravity force.

EM1

Us, X3

VY

AAAN

m2t I:g

X1

AN
AR

Ug, s EM2

Fig. 37. MLS2EM diagram

The Simulink model is consistent with the followingnlinear mathematical model

X, =X,
XZZ_Fem+g+Fenﬁ
m m
sti(k.uﬁc.—xs)
fl(xl) 1 1
X, =— (ku, +C, — X
4 fi(xd_xl)(l 2 I 4)

where:

Forn Ferm X, — X
FemL :X§—F1exp(— a ) ) FemZ =X§ F & eXp(_ ! 1)

emP2 Fesz emP2 FemPZ

f.(x) :hexp(—i) for both actuators

f|P2 iP2

where:

x, 0[0, 0016, %, 00, X Ofiyy, 2381, X, Oiyy, 238]
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ul |:|[uMIN ! 1] ’ u2 D[UMIN ' 1]

The parameters of the above equations are givireitable below

Parameters Values Units
m 0.0571 (big ball) [ka]
g 9.81 [m/4]
Ferts Ferp functions ofx and x, [N]
Form 1.752110° [H]
Foreo 5.823110° [m]
f.(x) function of x, [1/s]
o 1.414710* [m-s]
frp 4.562610° [m]
c 0.0243 [A]
k 2.5165 [A]
Xy distance between electromagnets minus ball diamefen]
(this parameter is modified by the user)
i 0.03884 [A]
Uy 0.00498

The electromagnetic force vs. position diagramhews in Fig. 38 and the electro-
magnetic force vs. coil current diagram is shovapeetively in Fig. 39.
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Electromagnetic force [N]

0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Position [m]

Fig. 38. Electromagnetic force vs. position. Thavily force of the big ball (dashed
horizontal line) is crossing the curve at the 0.608istance from the electromagnet

3.5

= N
a N a

Electromagnetic force [N]

[N

0.5

Coil current [A]

Fig. 39. Electromagnetic force vs. coil currenteravity force of the big ball (dashed
horizontal line) is crossing the curve at the 0®3dcoil current

The electromagnetic force depends on two variabtes: ball distance from the
electromagnet and the current in the electromagmeil. This is clearly presented in Fig.
38 and Fig. 39. We can show these dependenciésaa tlimensional space (see Fig. 40).
The ball is stabilized ax;, x,, x;,x,]=col(910°, 0, 9.34807 0). It means that the
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ball velocity remains equal to zero. The ball igiteting kept at the 9 mm distance from
the bottom of the upper electromagnet. The 0.934hirAent flowing through the magnetic
coil is the appropriate value to balance the gyawitce of the ball.

Electromagnetic force [N]

Coil current [A]

Position [m]

Fig. 40. Electromagnetic force vs. coil current digtance from the electromagnet.

In Fig. 41 thef, (x; )diagram is shown.

0.035

0.03f----

0.025F -\~ |-

0.02f -\ -

fi(x,)

0.015F - |-\ -

0.01f -

0.005 -~~~ -~~~

| |

| |

l l

| L L L |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Position [m]

0

Fig. 41. Functionf; (x; )
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= Linear continuous model

MLS2EM is a highly nonlinear model. It can be apgpneated in an equilibrium point
by a linear model. The linear model can be desdriefour linear differential equations
of the first order in the form:

X = Ax+ Bu
y =Cx
0 1 O 0 0
a 0 a a 0
A — 2,1 2,3 2,4 ' B —
ay; 0 a;,; O b,
a4,1 0 a4,4 b4

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

_ﬂ 2 F _Xd~%0
- X30 emP_le Fempz + 240 40 emP_le Femp2

2 2
m I:emF’Z m I:emF’Z

a2,1

%10

_ 2X30 I:emFil. e_Fempz
2,3 )
emP2

831 = _(kiU+C _X3O)(X10/ fipz)f‘_l(xlo)
8,1 = (kU + 6 = X,0)00/ i) T (% = %0)

a5 =~ 7 (%),
A3, =~ fi _l(xd - X10)

by =ki ;7 (%),
b, =k 7 (%y =X)

The C vector elements correspond to an appliedatet For example, The PD controller
shown in the next subsection requires C in the form

c=[1 0 0 0.
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= Active suspension

*

One of electromagnets of MLS2EM can be analyzethassingle-degree-of-freedom
mass-spring-damper system with controllable stffnand damping. Using the non-
contact actuator both parameters are controllatiéyormulated control strategy.

Let's assume that the nonlinear model of MLS2EM simplified to the upper
electromagnet only and is linearized at the sefesteady-state point, that the coil
current is fixed and actuator dynamics can be wéggde In this case the obtained model
of the magnetic levitation system is controllededilty by the coil current and is
simplified to the linear second order system. Lesume that the second order open
loop system is described by the following formulbene o and g correspond toa,,

and a, , respectively under above assumptions.

| u(t) = -Kpx, (t) — KX, (t)

The closed loop system has two poles which canobatéd on the imaginary axis
representing the marginally stable system but gdigethey are located in the left half
plane to obtain desired performance. Choosing gpiate values of poles we can obtain
the required dynamic behavior of the closed locgiesy.

The obtained second order closed loop system isactaized by programmable
stiffness and damping settings.

%= (a - A )X - A p X

The controller parameterg, and K, can be designed to satisfy requirements of the
closed loop performance determined by the damp m&@ral frequencyw, and the
damping ratiog .

Ko = (@2 +a)B™, K, =20, 87

Choosing the appropriate value @fwe can control the speed of the system response to
the external disturbance. Highest natural angukguency gives faster system response.
Setting the appropriate value of damping ratio we control the damping mode. In most
cases the critically damped mode can be used bechus the most stable mode
characterized by the asymptotic stability and tiomnstant ,*. Note thate and g
presented in the linearized system strongly depentthe selected steady-state point. Using
the digital form of the PD controller the derivaicomponent can be calculated as
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difference quotient. The sampling frequency affguisportionally the derivative gain of
the controller.

23.2 PD

If you click the PD EM1 button the following windewpen (see Fig. 42).
The interior of theMagnetic Levitation mod@&iLS2EMblock is shown in Fig. 34.

IMLS2EM_PD_m i [=]

File Edit “iew Simulation Format Tool: Help

D& il e 0oz afo |vms = B@EBE s BREEE

i mi_anim
-b-l Magnetic Lewitation
Animation
Position [m] >
|-|_|—|_|-| whlocity [m/fs] fooit >
D esPos [m] FD O Bt Cumrent [ =l »
Bz Current [4] g | >
B 1 Coritral =. hdaglew - model
Ebdd 0 LILS2ENT e - Contral and States
Btz Cortrol |
Ilagretic Levitation
taods] (WMLS2END)
Ready [1003 [ |odes 4
Fig. 42. PD simulation
The parameters given bellow are used in the PDraitert
Kp Ko uo
55 5 0.3611
The simulated stabilization results are shown below
{ { \ \ 0.1 { { \ \
| | | | | | | |
0.015/ - - - - F---- R EEL R B 1 1 1 1
€ I I I I 0.05F - - - - [ I
E l l l l 2 l l l l
o | | | | £ I I I I
E  001F---- [ T = | I I |
2 S G OV DU SN B S ob---- Lo Lo___v_ 1
] | | | | o | | | |
g l l l l E l l l l
— | | | | © | | | |
R #oosp
| | | | | | | |
| | | | | | | |
| | | | | | | |
0 1 1 L L _01 1 1 L L
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
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Fig. 43. PID simulation — the desired position oastant.

2.3.3 PD Differential mode
If you click the PD differential mode button thdléaving windows opens (see Fig. 44).

EIMLS2EM_PDdiff_m

D[ H & 5 B <=s G =y . omsl ] S 65 [ &

IL-I

hagnetic Lewitation
Animation

-
Pasition [m] jl
wilocity [mifs] bl
O EM1 Cumrent [4] ol »
UL .- >
Bvt? Cumrent [A]
[esFos [m] =. Maglew- model
Bt 1 Conitrol )
[ WLS2EM »] Contral and States
Btz Conitrol

Ivlagnetic Levitation
raode] (WLS2ELT)

Fig. 44. PD differential mode simulation
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MLS2EM_PDdiff_m/PD

E)

Saturation

Saturation

Fig. 45. Interior of the PD differential controller

The interior of the PD controller working in thefdrential mode is shown in Fig. 45.
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Fig. 46. LQ simulation — the desired position oastant
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2.4 Levitation

All simulation experiments can be repeated as tread-experiments. In this way one
can verify accuracy of modelling. If we double Elithe levitation button in theMLS2EM
Main window the following window opens (see Fig. 47).

EIMLS2EM_Exp

Experimental Controllers

Fig. 47. Experimental controllers

Now, we can choose the controller we are interasted/e start from the PD control.

2.4.1 PD applied to EM1

Double click the PID button. The real-time PID aofier opens (see Fig. 48). The results
of the real-time experiment are shown in: Fig. 49.

Pasition [m]

wislocity [mis]

DezPos [m] i =3 Bl Current [4]
B2 Current [4]

EhiZ Control hdaglewZEhd

hagnetic Levitation Contralz and States
System ZEM

Fig. 48. PID real-time experiment.
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Fig. 49. PD real-time experiment. The desired pmwsias a constant.

2.4.2 PD EM1 + EM2 pulse excitation

Double click the LQ button. The real-time LQ cotigoopens (see Fig. 50). The results
of the real-time experiment are shown in: Fig. 51.

f—

[CIMLS2EM_PD_EM1_EMZexit_it

Pasition [m]

“whlocity [mis]

DesPos [m] I 1 N = ; B Currert [#]
Btz Current [4]

Bl Cortrol

Fulse ! EntE Corttrol MaglevZEM
Generator Magnetic Lawitatian Controls and States
System ZEM

Fig. 50. PD control and pulse excitation real-tex@eriment.
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Fig. 51. PD stabilization and external pulse typ@tation real-time experiment. The
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desired position as a constant.

2.4.3 PD differential control mode

Double click the LQ tracking button. The real-tih® tracking controller opens (see

Fig. 52). The results of the real-time experimeptshown in Fig. 53.
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IMLS2EM_PDdif _rt
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Fig. 52. PD differential control real-time experinte
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3 Description of the Magnetic Levitation class properties

The MagLev2EMis a MATLAB class, which gives the access to h# features of the
RT-DAC4/PCI board supported with the logic for tHdLS2EM model. The
RT-DAC4/PCI board is an interface between the @bdnsoftware executed by a PC
computer and the power-interface electronic ofrttoelular servo model. The logic on the
board contains the following blocks:

* PWM generation block — generates the Pulse-WidtluWadion output signal for
the appropriate channel. Simultaneously the dwactignal and the brake signal are
generated to control the power interface modulé® PWM prescaler determines
the frequency of the PWM wave;

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

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

All the parameters and measured variables fronRI®OAC4/PCI board are accessible by
appropriate properties of tiaglLev2EMclass.

In the MATLAB environment the object of thklagLev2ZEMclass is created by the
command:

object_name = MagLev2EM,;

for examplemls2em = maglev2em;

Thegetmethod is called to read a value of the propertyefobject:

property value = get( object_name, ‘property _name’

Thesetmethod is called to set new value of the given ertyp

set( object_name, ‘property _name’, new_propertyuea|
The display method is applied to display the property valuegmtheobject namas
entered in the MATLAB command window.

This section describes all the properties ofNMagLev2EMclass. 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 aedébtrictions subjectgd
to the property

Arguments Describes arguments of the set method

See Refers to other related properties

Examples Provides examples how the property carseeé
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3.1 BaseAddress

Purpose Read the base address of the RT-DAC4/PCI board.
Synopsis:  BaseAddress = get( mls2em, ‘BaseAddress’ );

Description: The base address of RT-DAC4/PCI board is detexdchipy computer.
Each QML2EM object has to know the base address of the budnén a
CML2EM object is created the base address is detectethatitally. The
detection procedure detects the base address dirsheRT-DAC4/PCI
board plugged into the PCI slots.

Example: Create the MagLev2EM object:
mis2em = MagLev2EM,;
Display their properties by typing the command:

mls2em
Type: InTeCo M_.2EM obj ect
BaseAddr ess: 54272 | D400 Hex
Bi t stream ver. : x901
| nput vol tage: [ 0.8451 0.0244 0.0243][V]
PWw [ O O]

PWM Prescal er: [ O O]
Ther mal stat us: [ O O]
Ti me: 0. 00 [sec]

Read the base address:
BA = get( mls2em, ‘BaseAddress’);

3.2 BitstreamVersion

Purpose Read the version of the logic stored in the RTEAAPCI board.
Synopsis  Version = get( mls2em, ‘BitstreamVersion’ );

Description: The property determines the version of the dogiesign of the
RT-DAC4/PCI board. The magnetic levitation modelaynvary and the
detection of the logic design version makes it fmssto 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( mis2em, ‘PWM");
set(mls2em, ‘PWM’, NewPWM );
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Description: The property determines the duty cycle and twacof the PWM wave.
The PWM wave is used to control the electromagoen $act this property
is responsible for the electromagnet control sighbéNewPWMvariable is
a two element vector in the range from 0 to 1. Vakie of +1 means the
maximum control, 0.0 means zero control.

See PWMPrescaler

Example: set( mls2em, ‘PWM’, [ 0.5 0.2] );

3.4 PWMPrescaler

Purpose Determine the frequency of the PWM wave.

Synopsis Prescaler = get( mls2em, ‘PWMPrescaler’ );
set( mls2em, ‘PWMPrescaler’, NewPrescaler );

Description: The prescaler value can vary from 0 to 16. Thealle generates the
maximal PWM frequency. The value 16 generates timénmal frequency.
The frequency of the generated PWM wave is givethbyformula:

PWMrequency= 40MHz / 4095* (Prescaler+1)

See 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 roétlit sets the zero control
of the electromagnet and is equivalent togegml, ‘PWM’, O)call.

See PWM

3.6 Voltage

Purpose Read two voltage values.

Synopsis Volt = get( mls2em, ‘Voltage’);
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Description: Returns the voltage of three analog inputs. Ugtlae analog inputs are
applied to measure the ball position and both @aitents.

3.7 ThermStatus

Purpose Read thermal status flag of the power amplifier.
Synopsis ThermSt = get( mis2em, ‘ThermStatus’);

Description: Returns the thermal flags of the power amplifi®hen the temperature of
a power amplifier is too high the flag is set to 1.

3.8 Time

Purpose Return time information.
Synopsis T = get( mis2em, ‘Time’);
Description: TheMagLev2EMobject contains the time counter. WhellaglLev2EM
object is created the time counter is set to Zeach reference to thEme

property updates its value. The value is equal he tumber of
milliseconds which elapsed since the object wastetk

3.9 Quick reference table

Property name | Operation | Description
BaseAddress R Read the base address of the RT-DAC4/PCI board
BitstreamVersion R E?SAE:Z%&/?LSAZ% of the logic design for the
PWM R+S Read/set the parameters of the PWM waves
PWMPrescaler R+S Read/set the frequency of the PWM waves
Stop S Set the control signals to zero
Voltage R Read the input voltages
ThermStatus R Read the thermal flags of the power amplifiers
Time R Read time information

* R —read-only property, S — allowed only set openatR+S —property may be
read and set
bottom
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