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1. INTRODUCTION

The electromagnetic levitation system controls the magnetic field generated by an electromagnet to

levitate a small permanent magnet in midair. With an appropriate controller in the loop, the small magnet

levitates in the air indefinitely without any disturbance. The vertical position of the levitating magnet is

measured using a linear Hall effect sensor and the current inthe electromagnet is actively controlled to

achieve stable levitation.

The electromagnetic levitation system is one of the classical experimental setups to illustrate some of

the analysis and design methods in control system education. It is also used to evaluate novel analysis

and design methods in control system research. The system ishighly nonlinear, open-loop unstable and

extremely challenging to control robustly.

The EMLS has been developed to offer a low-cost experimentalelectromagnetic levitation setup for

students, educators and researchers. The developed systemis modeled very accurately and fully compatible

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

1.1. System Features

• Fascinating demonstrations and experiments

• Hall effect position sensing

• Compatible with Hilink (hardware-in-the-loop real-time control 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 (about2.5 cm)

• 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 analysis anddesign

• Reference tracking and disturbance rejection

• State-space design (LQR, LQG, observer,H2, H∞, µ-synthesis, sliding-mode, adaptive)
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• Intelligent control (neural networks, fuzzy logic, genetic algorithms)

• Nonlinear system analysis and control

1.3. Requirements

• PC with Windows XP or later

• Matlab R2007b or later with Simulink, Real-Time Workshop and Real-Time Windows Target

• Hilink (hardware-in-the-loop real-time control platformfor Matlab/Simulink) 1.0 or later

• Power supply (6− 15 V, 2 A)
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2. SYSTEM MODEL

The model of the electromagnetic levitation system is shownin Figure 1, whereR is the resistance of

the coil,L is the inductance of the coil,v is the voltage across the electromagnet,i is the current through

the electromagnet,m is the mass of the levitating magnet,g is the acceleration due to gravity,d is the

vertical position of the levitating magnet measured from the bottom of the coil,f is the force on the

levitating magnet generated by the electromagnet ande is the voltage across the Hall effect sensor. The

Hall effect sensor is connected to one of the analog input of aHilink 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 levitating magnet can be closely approximated as

f = k
i

d4
, (2.1)

wherek is a constant that depends on the geometry of the system [1]. The voltage across the Hall effect

sensor induced by the levitating magnet and the coil can be closely approximated as

e = α+ β
1

d2
+ γi+ n, (2.2)

whereα, β andγ are constants that depend on the Hall effect sensor used as well as the geometry of the

system andn is the noise process that corrupts the measurement [2]. It follows from Newton’s second

law that

md̈ = mg − k
i

d4
. (2.3)

Moreover, it follows from the Kirchhoff’s voltage law that

v = Ri+ Li̇. (2.4)
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Letting x =
[

x1 x2 x3
]

=
[

d ḋ i
]

be the state of the system,z = d be the controlled output,

y = e be the measured output,u = v be the control input andw = n be the disturbance/noise input, the

standard state equation description of the system can be written as
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The equilibrium points of the system are at
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whereue is the required equilibrium coil voltage to suspend the levitating magnet atx1e = ±de. Clearly,

the equilibrium point that is of interest is the one with the positive sign.

The Jacobian linearization of the system about the equilibrium point is

δẋ = Aδx+B1δw +B2δu,

δz = C1δx+D11δw +D12δu,

δy = C2δx+D21δw +D22δu,

(2.7)

whereδx = x− xe, δw = w − we, δu = u− ue, δz = z − ze, δy = y − ye and
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(2.8)

Note thatwe = 0, ze = x1e andye = β/x1e
2 + γx3e + α.
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The transfer matrix of the linearized system is

P (s) =
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Note that
[

∆Z(s)

∆Y (s)

]

= P (s)

[

∆W (s)

∆U(s)

]

, (2.10)

where∆Z(s), ∆Y (s), ∆W (s) and∆U(s) are the Laplace transforms ofδz(t), δy(t), δw(t) andδu(t),

respectively.

In this derivation, the back emf induced by the moving levitating magnet is ignored as it is very small.

If the Hall effect sensor is located below the levitating magnet, thenγ is also very small and it can also

be neglected.
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3. MODEL PARAMETERS

Letting the desiredde be 2.00× 10−2 m and using measurement obtained by the Hilink platform, the

parameters of the electromagnetic levitation system are determined as

R = 2.41 Ω, L = 15.03 × 10−3 H, m = 3.02 × 10−3 kg,
g = 9.81 m/s2, k = 17.31 × 10−9 kg m5/s2/A, α = 2.48 V,
β = 2.92 × 10−4 V m2, γ = 0.48 V/A, ue = 0.66 V,
x1e = 2.00 × 10−2 m, x2e = 0.00 m/s, x3e = 0.27 A,
ze = 2.00 × 10−2 m, ye = 3.34 V, we = 0.00 V.

(3.1)

With these parameter values, it follows that
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and
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The noise processn can be modeled as a white noise with spectral heightN = 1.00 × 10−9 V2 s.
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