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1. INTRODUCTION

The electromagnetic levitation system controls the magretld generated by an electromagnet to
levitate a small permanent magnet in midair. With an appad@icontroller in the loop, the small magnet
levitates in the air indefinitely without any disturbancéaeTlvertical position of the levitating magnet is
measured using a linear Hall effect sensor and the currethieirelectromagnet is actively controlled to
achieve stable levitation.

The electromagnetic levitation system is one of the classgperimental setups to illustrate some of
the analysis and design methods in control system educdtia also used to evaluate novel analysis
and design methods in control system research. The systaiglily nonlinear, open-loop unstable and
extremely challenging to control robustly.

The EMLS has been developed to offer a low-cost experimaxéaitromagnetic levitation setup for
students, educators and researchers. The developed systerdeled very accurately and fully compatible

with Hilink (hardware-in-the-loop real-time control platm for Matlab/Simulink).

1.1. System Features

« Fascinating demonstrations and experiments

« Hall effect position sensing

o Compatible with Hilink (hardware-in-the-loop real-timerdrol platform for Matlab/Simulink)
« Accurate model with precise model parameters

« Compact and low-cost

« Works with both disc magnet and sphere magnet

« Magnet levitates in midair with an impressive air gap (abittcm)

« Highly efficient (no overheating)

1.2. Possible Experiments

« System modeling and identification

« Simulation and real-time systems

« PD, PID, lead controller design

« Root locus, time-domain and frequency-domain analysisdesign
« Reference tracking and disturbance rejection

« State-space design (LQR, LQG, obsenis, Ho, u-synthesis, sliding-mode, adaptive)



Intelligent control (neural networks, fuzzy logic, gemegilgorithms)

Nonlinear system analysis and control

1.3. Requirements

PC with Windows XP or later
Matlab R2007b or later with Simulink, Real-Time WorkshogldReal-Time Windows Target
Hilink (hardware-in-the-loop real-time control platforfor Matlab/Simulink) 1.0 or later

Power supply@ — 15 V, 2 A)



2. SYSTEM MODEL

The model of the electromagnetic levitation system is shiwigure[1, whereR is the resistance of
the coil, L is the inductance of the coil, is the voltage across the electromagnés, the current through
the electromagnetyp is the mass of the levitating magnet,js the acceleration due to graviwy,is the
vertical position of the levitating magnet measured frora bottom of the coil,f is the force on the
levitating magnet generated by the electromagneteaisdthe voltage across the Hall effect sensor. The
Hall effect sensor is connected to one of the analog inputtdifiak control board and the electromagnet

is driven by one of the H-bridges of the same board.
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Figure 1. Electromagnetic levitation system model.

The force applied by the electromagnet on the levitatingmeagan be closely approximated as
]

f =k, (2.1)

wherek is a constant that depends on the geometry of the systemlg]vdltage across the Hall effect

sensor induced by the levitating magnet and the coil can &eebt approximated as
1
e:oH—ﬁﬁ%—w'—l—n, (2.2)

whereq, § and~ are constants that depend on the Hall effect sensor usedllaasiiee geometry of the

system andh is the noise process that corrupts the measurement [2]lldiv® from Newton’s second

law that
md = mg — kdi‘l' (2.3)
Moreover, it follows from the Kirchhoff’'s voltage law that
v = Ri+ Li. (2.4)



Lettingz = [ 21 22 x3 | =[d d i | be the state of the system= d be the controlled output,
y = e be the measured output,= v be the control input and> = n be the disturbance/noise input, the

standard state equation description of the system can ltervas

. [ x2 ]

o ks

) = mx‘ll s

i R 1

U Tmt g (2.5)
2 =T,

1
y=5ﬁ+7x3+a+w.
1

The equilibrium points of the system are at

kue
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x26 = 0 5 (26)
T3e %
R

whereu, is the required equilibrium coil voltage to suspend thetding magnet at1. = +d.. Clearly,

the equilibrium point that is of interest is the one with thasipive sign.
The Jacobian linearization of the system about the equitibpoint is
ox = Adx + Bidw + Bsdu,

0z = C10x + D110w + D1odu, (27)
oy = Codx 4+ Do1dw + Dosdu,

wheredr = & — xe, OW = W — We, OU = U — Ue, 02 = 2 — Ze, OY = Y — Y aNd

0 1 0
0 0
4g(gmR)'* gR 0
A= | g O T | B= 0B ] 0
0 0 R 0 %
L L (2.8)
012{100}7 Dii=[0], Di=[0],
 2B(gmR)3/

Cy =

g 07| pa=[1]. pa=[o].

Note thatw, = 0, z, = x1, andy, = 3/x1.2 + yr3. + .



The transfer matrix of the linearized system is
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Note that
AZ(s) B AW (s) 210
AY(s) | AU(s) | (2.10)

whereAZ(s), AY (s), AW(s) and AU (s) are the Laplace transforms 6£(¢), oy(t), dw(t) anddu(t),
respectively.

In this derivation, the back emf induced by the moving leirig magnet is ignored as it is very small.
If the Hall effect sensor is located below the levitating meig theny is also very small and it can also

be neglected.



3. MODEL PARAMETERS

Letting the desiredl. be 2.00 x 1072 m and using measurement obtained by the Hilink platform, the

parameters of the electromagnetic levitation system atermiéned as

R =241 Q, L =15.03 x 1073 H, m = 3.02 x 1073 kg,
g=9.81 m/g, k=17.31 x 1079 kgn?/$?/A, o =248V,
B=292x107*Vm?, ~=048 V/A, ue = 0.66 V, (3.1)
71, =2.00x 1072 m, 25, =0.00 m/s, x3. = 0.27 A,
2o =2.00 x 1072 m, Ye =334V, we = 0.00 V.
With these parameter values, it follows that
0 1 0 0 0
A=]19620x10%> 0 —-35.8214 |, Bi=|0|, By= 0 ,
0 0 —160.3460 66.5336 (3.2)
ci=[10 0], Dyu=[0], Dip=[0],
Cy=[ —72.9965 0 0.4800 |, Dy=[1], Dp=[0],
and
0 —2.3833 x 10°
160.3460)(s2 — 1.9620 x 103
psy=| ©F (s <1091 3.3)

31.9361s% 4+ 1.1132 x 10°
(s + 160.3460)(s2 — 1.9620 x 103)

The noise process can be modeled as a white noise with spectral helght 1.00 x 107° V?s.
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