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Abstract — The aim of this paper is to design of control
algorithm for the Magnetic levitation system usingan exact
input — output feedback linearization method. In ths paper
is given nonlinear simulation model of the Magnetic
levitation based on mathematical model of the Magrie
levitation system. Designed control algorithm togéer with
simulation model of the Magnetic levitation is impémented
into control structure with purpose of control on geady
state defined by a reference trajectory, which is erified in
Matlab/Simulink language.
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l. INTRODUCTION

The Magnetic levitation system is an example o
nonlinear, open loop unstable system with fast dyos
For these properties of the Magnetic levitationtesys
modeling and mainly control design is very difficul
However, Magnetic levitation system has wide agian
in various industries than high-speed trains, ifidess
bearing, etc and therefore this field of reseasctigvoted
significant effort in recent years.

Some linear and nonlinear approaches were used
design control algorithm for Magnetic levitatiorsssm as
a linear state control [1], adaptive control [2]ar exact
linearization [3], [4].

In this paper will be presented application of éxact
input - output feedback linearization method iniglef
the control algorithm for simulation model of the
Magnetic levitation based on a real model Magneti
levitation CE 152 of Humusoft [7], which is locatatlithe
laboratory of Cybernetics at the Department
Cybernetics and Artificial Intelligence at FEI TUbKice.

(0]

The paper is organized as follows. A mathematical

model of the Magnetic levitation system is showrtha
part two. The third part includes a general desiorpof
the exact input — output feedback linearization hodt
define a relative order of the system and interesp. zero
dynamics of the system [6]. The fourth part corgain
linearization of the nonlinear model of Magneticitation
using the exact input — output feedback linearirati
method and control algorithm design for the modheist

. NONLINEAR MODEL OF THEMAGNETIC

LEVITATION SYSTEM

The Magnetic levitation system is shown on Figlt1.
consists of a Magnetic levitation education model,
laboratory card and control computer. The essehtiei®
system is keep levitate the steel ball in the girubing
electromagnetic force, which is produced from eiect
current going through the coil with soft magnetice

Control PC|

Figure 1. Magnetic levitation system
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The mathematical model of the Magnetic levitation
system is divided into five subsystems, namely bali
coil, power amplified, position sensor, and A/D dbA

converters.
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Figure 2. Magnetic levitation model

defined. Simulation nonlinear model of the Magnetic

levitation together with the proposed control altpon is
implemented into control structure with purposeaftrol
on steady state resp. more steady states definabeb
reference trajectory, which is then verified
Matlab/Simulink program language.

in

The mathematical model of the ball and coil sulesyst
is based on the balance of forces acting on the bal

Fa=Fn-Fy
- acceleration force [N]

- electromagnetic force [N]
- gravity force [N]

(1)
where: F,
Fm
Fg



After substituting relationship for each power tuation K
(1) and adding a damping forc&; is obtained ®in PuMU-u Tastl
mathematical model of the ball and coil subsystehich DIA_convertor power_amplifier
is described by nonlinear differential equationsetond
order:
, . i(t)%k, {
m() -k X0 =— ¢ -mg  (2)
L~ S (x®)-%)? W
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Fm * onstant ke/(x-x0)"2
where: i(t) - electric current [A] Oout 1<
X(t) - ba” pOSitiOﬂ [m] A/D_convertor position_sensor
m, - mass of ball [kg] out
ke - coil constant [A/V] ey o
Xo - coil offset [m]
g - gravity constant [mA Figure 3. Simulation scheme of Magnetic levitation model
ks - damping constant [N/m.s] . . o . .
Position of the ball in the magnetic field is catiged Since the Magnetic levitation system is unstablegen

by electric curreni(t), which is generated from the power 100p, physical analysis of the simulation model was
amplified. The power amplified is designed as as@of carried in a feedback control structure with deafine

constant current and is described transfer fundion reference signaly,« and experimental proposed PID
parameters [7]. The result graph (Fig. 4) shows the
- 1(s) - k; ©) possibility of further use of Magnetic levitationogel in
£ U(s) T,s+1 the control structure using exact feedback linetion

method (Fig. 5).

where: 1(s) - image of electric current)
U(s) - image of input voltage(t) 045
ki - coil and amplified gain [A/V] 04l i
Ta - coil and amplified time constant [s] 035l r |
An inductive sensor is used to determine the bal 0l
position, which is approximated by a linear equatio Coml |
y(t) = kX(®) + Yo @ 2. |
where: y(t) - sensor output voltage [V] o5l ]
X(t) - ball position [m] o1l i
k. - sensor gain [V/m] preem——
Yo - sensor offset [V] . ‘ ‘ ‘ ‘ position?fball (yMU)‘
The signal incoming from laboratory card resp. from ° ? ¢ ‘e 10 ?

inductive sensor for communication with surroundiag
necessary adjusted for further processing and ftrere

. - . Figure 4. Physical analysis of the Magnetic levitation sintiola
D/A resp. A/ID converter is added into mathematical g y v g

del
model. The converters can be described by linear moce
equations [7]:
D/A converter : u(t) = kpalvy (1) ~Uo 5) Nl METHODS OFSYNTHESIS OFNONLINEAR SYSTEM
_ _ The basic task of the synthesis of a nonlineaesystis
AID converter yyy (t) = Kap Y(1) = Ymuo ©) to propose control algorithm, which ensures tha th
where: u(t) - converter output voltage [V] nonlinear system will be behave according to ddsire
uwu(t) - converter input voltage [MU] goals_ of co_ntrol, either stabilization of systemsystem
koa - converter gain [V/MU] tracking trajectory. .
Uo - converter offset [V] Many nonlinear systems can be controlled by clasic

PID controllers, which ensure desired quality of

ymu(®) - converter output voltage [MU] regulation. However, there are systems with laagge or

y(t) - converter input voltage [V] with nonlinearities, which can not be linearized dor
kao - converter gain [MU/V] such_ dynamic systems is not sufficient PID con_trol
ywuo - Converter offset [MU] algorithm. In such cases can be used the nonlinear

synthesis methods, which are directly for nonlinear
e"systems such as Gain — Scheduling method, cordsidjl
by Lyapunov function, exact linearization method aitc.
The analysis and synthesis of the nonlinear systems
requires knowledge of mathematical disciplines sash
differential geometry, etc., and also because these

Based on equations (2) to (6), which describ
mathematical model of the Magnetic levitation syste
was programmed simulation scheme of the Magneti
levitation nonlinear model (Fig. 3).



methods have limited use in practice, but with
development of computer technology grows use ofehe
methods.

In this paper is given procedure of linearizatiing
exact input — output feedback linearization mettiod
nonlinear model of the Magnetic levitation.

A. Exact input-output feedback linearization method

The exact input — output feedback linearizationhodt
is one of the structure methods. This method basetthe
idea to compensate nonlinearities in the systeraduling
nonlinear compensators thus that the resultingesystill
be behave as linear to respect to the new imfiutand
outputy(t).

The assumption for use of the exact input — output

feedback linearization method is nonlinear system
written in state space representation

() = F(xt) +9(x 1) *u(t)
y(® =h(xt)

where xOR"is state vectory(t) is control input,y(t) is
system outputf(x,t), g(x,t) andh(x,t) smooth nonlinear
functions.

)

Principle of the exact input — output feedback

linearization method is based on repeatedly devivaif
the outputy(t) untii a dependence on the inpuft).
Number of derivation indicates a relative ordesgdtem
r. For better overview, further will not write depkamce
of variables on the time

Linearization of the nonlinear system (7) usingatxa
input — output feedback linearization method ipste

1. calculation of first derivation :
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0
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= + v (20)
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for linear system (10) is necessary to proposebizeld

control law by linear method of synthesis, to easur

the desired behavior of the system in case of achahg

the reference trajectory or for compensation

disturbance.

input transformation (8), state transformation 9y
a control algorithm (step 8) are implemented into
control structure (Fig. 5)

9.

y(t
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Figure 5. control structure using exact feedback linearizatr@thod

When exact input — output feedback linearization
method is used then can be case, when relative ofde
nonlinear systent < n. In this case, state variables are

divided into two vectors &=[z,7,....2]"

andy =[z,,4,Z45,...2,]" . For state variables of the

vector ¢ proceed as in case wherr n. Variables from
vector n are chosen so as to be mutually independent.
Thereafter, control is proposed, that linear dymarsi
dictated only output and first state variables. The other
state variables do not contain input of the systerso
they are not controlled, but require that they laréted

and do not exceed specified limits.

In this case, the total dynamics of the system lman
divided in external controlled part (state variabtd the
vector &) and internal unobserved and uncontrolled part
(state variable of the vectg) also known as the internal
dynamic of the system. The internal dynamics of the
system is dependent on the external dynamic afybem
and also can be depend on the input signal. Freoryhs
known, to determine the internal dynamics of thetew
is very difficult, but designed control for extetna
dynamics is applicable only when the internal dyicarof
the system is stable, otherwise may happen to uedan
events such as oscillation of the system. Theseftire
new term was introduced so-called zero dynamicthef
system, which simplifies of the investigation ddlstity of
the system. The zero dynamics means the stateeof th
internal dynamics of the system, when input signsd
the system causes that output of the system isl egua
during whole process. The examination of the mandr
some conclusions for the stability of the interthamics
of the system, which can be sufficient in some séseto
determining the resulting stability of the interdghamics
of the system. [7]

The problem of the internal dynamics occurs in the
control design using this method for the Swingimgne

oh oh
y=—f +—gu="L;h(x)+Lsh(x)u
Y=o o £h(X) + Lgh(x)

2. if valid Lyh(x)u # 0 then after substitutiony =v is
possible to determine the resulting input
transformation

1
u=-———(-L¢h(x) +V)
Lgh(X)

3. but if valid Lgh(x)u=0 then continues derivative of

the output
§ =L *h(x) + LyL¢ h(x)u

4. if valid Lgh(x)u=0 then continues derivative of the
outputy

5. derivative of the output continues until will noalid
LgLfr_lh(x)u #0 the after substitutiony’ =v the
resulting input transformation is equal

1 r
U=——"5——(-L¢ h(x) +V) 8
LoLs h(x)
6. to determine state transformatina T(X)
z2=T(X) :[h(x);Lfh(x),...,Lfr_lh(x)] 9)
7. nonlinear system (7) can be transformed into lineasystem [8] or Ball&Beam system [9].

form



IV. DESIGN OFNONLINEAR CONTROLALGORITHM Based on matrix of the state space (14), suitabésen

This part is given linearization of the nonlineaodsl ~ roots p = [p1. 2. ps] @and using pole — placement method
of the Magnetic levitation using exact input — autp was designed state feedback control law in the form
feedback linearization method and control algorithm - _

) . : V=-Kz+ Ny« (15)
design for model thus obtained. For better overyiew _ .
further will not write dependence of variables be time ~ Where: K - vector of gains

t. The first step is to rewrite equations (2) to, @hich N
describe the nonlinear system of the Magnetic ddioin,

- feedforward gain [5].
The resulting input transformation (12) and state

to state space form (7). By defining the statgransformation (13) together with control law (1&)e
VeCtOFX=(X1,X2,X3)= X, %), input u=uy, and output implemented into programmed simulation scheme for

y=yw, State space form of the Magnetic levitation hagontrol of the nonlinear model of the Magnetic tation

following form: (Fig. 6).
r 7 e 1
y_ref—»y_ref |
- X . —
% 2 2 0 : . . : . g
)'(2 = 3 5~ g+ BX2 +|0|u 11 | Control law X | X ;@
X (Xl = Xo) C (11) | Input transformationl Magnetic_levitation_mode
3 X3 | u=u(x,v) |
-3 - _ _ _ ___ h
T |
L a - 1 |
y - Dxl : z x| < :
K, K k k
— — — d —
where A=— | B=—,C=—"% D= kad kx- I State transformation I
W mk Ta | NONLINEAR CONTROL ALGORITHM z=T(x) 1

The next step is derivative of the system ougpuntil a
dependence on the input

Figure 6. Simulation scheme for control of the nonlinear madehe

y = Dx Magnetic levitation using exact input — outputdieack linearization
1 method
y =Dx;
2 The resulting graph of tracking reference trajegctor
y=D| A X3 - g+Bx, which is represented the step change between stéaiey
(% = %) when using proposed control algorithm and exaahtinp
, , ) output feedback linearization method is in Fig. 7.
o _ 2ADXoX3 _ axs _ 2ADX
=——=3+BD|bx, -g+ > e
ixo - %) (0=2)) Talxo- XlL ! ‘
2ADX3C ~N ol position of ball (yMU) |
b ——5= a
2
(% =) \ A
\ ) 051 tr

After substitutioriy = v, the resulting input transformation

has following form
1
u=—(-a+v) (12)
B

and corresponding state transformatiar T (x) can be
determined as

0.4

y[MU]

0.3F

0.2

0.1-

25

] y '[5]
z=|z,|=|Y|. (13)
Z y Figure 7. Magnetic levitation system response to track tfereace

After application of the input transformatian(12) and
state transformatiorz (13) is possible transformed the
nonlinear system (11) to following linear form

trajectory
Designed control algorithm was applied to the
nonlinear model of the Magnetic levitation with aflthe
limits and this allows its use for real model Matime

010 0 levitation.
z=|{0 0 1|z+|0}v. (14)
00O 1 V. CONCLUSION

In this paper was presented control algorithm dekig
nonlinear simulation model of the Magnetic leviati
using the exact input — output feedback linearirati



method and pole — placement method. The proposed
control algorithm together with simulation model sva
implemented into control structure and verified in
Matlab/Simulink program language. The resultingpgra
shows, that output of the model tracks step chafigke
reference trajectory and therefore can be congidehés
approach is suitable for solution problem of coinfoy
Magnetic levitation system. The obtained knowlefigen
field of methods of synthesis of nonlinear systevilsbe
used for control design for real model of the Mdigne
levitation and also for to support of teaching tmet
Optimal and Nonlinear system subject.

ACKNOWLEDGMENT

This contribution is the results of the Vega projec
implementation: Dynamic hybrid architectures of the
multiagent network control systems (No. 1/0286/11),
supported by the Scientific Grant Agency of Slovak
Republic (50%) and project implementation Developme
of the Center of Information and Communication
Technologies for Knowledge Systems (project number:
26220120030) supported by the Research & Developmen
Operational Program funded by the ERDF (50%).

REFERENCES

[1] W. Barie and J. Chiasson, “Linear and Nonlineatestpace
controllers for magnetic levitation,International Journal of
Systems Science, vol. 27, number 11, pp. 1153-1163.

[2] M. Shafig and S. Akhtar, “Inverse Model Based AdapControl
of Magnetic Levitation System™" Asian Control Conference.
2004.

[3] F. Zhang and K. Suyama, “Nonlinear Feedback Contil
Magnetic Levitating System By Exact Linearizatioppoach,”
Tokyo University of Mercantile Marine, Japan, Proc. IEEE Conf.
Contr. Appl., pp. 267-268 (1995).

[4] I. Ahmad and M. A. Javaid, “Nonlinear Model and @ofler
Design for Magnetic Levitation SystenRECENT ADVANCESIn
SIGNAL PROCESSING, ROBOTICS and AUTOMATION, pp. 324
— 328, ISBN: 978-960-474-157-1

[5] D. Krokavec and A. Filasova : Discrete-Time Systeraffa,
Kosice, 2008. (in Slovak)

[6] M. Razim and J. Stecha, “Nelinearni systémy” ¢mélistredisko
CVUT, 1997

[7] Humusoft Praha, CE 512 Education Manual Magneticitation
Model

[8] J.A. Borges, M.A. Botto and J.S. da Costa, “Appmtede Input —
Output Feedback Linearization for the Swinging @raBystem
using a State ObserverProceedings of the 10" Mediterranean
Conference on Control and Automation, Lisabon, Portugal, 2002

[9] J. Hauser, S. Sastry and P. Kokotovie, “Nonlineantol via
approximate input — output linearization: the batd beam
example”,IEEE Transactions on Automatic Control, vol. 37, pp.
392-398 March 1992



