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Abstract

In this study, we used a laser displacement sensor, which the resolution was precise over 2 lm and capable of measuring in®ni-

tesimal displacement rapidly for magnetic levitation and suspension equipment. A feedback control was applied in this system, which

required quick response to voltage variations. We also derived the equations of motion to determine the stability limits and compared

our calculations with the experimental results. From the experimental results, this mag-lev system, with special optical sensors and

feedback circuits, is able to dynamically adjust unstable levitation positions. Ó 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Precision measurement always plays an important role in the ®eld of auto-control. Electro-optics
measurement is more exact and accurate, and has the advantages of non-contact and real-time, therefore
this is the preferred method measurement and control whenever applicable. The advantages of an optical
sensor [1±3] in the electric-mechanical ®eld also lies in the simplicity of construction, precision and high
frequency response. Here we employed a special feedback control with laser displacement measurement
feedback to improve the conventional PID control method in a magnetic levitation and suspension system
(Fig. 1). Using three laser displacement sensors, we acquired a gap value, between the core of an E-type and
armature of an I-type, and converted it to a voltage value through a coil on the core. Although the laser
displacement sensor can measure the gap value rapidly and accurately, in practical experiments, we must
solve many problems such as program design, signal transmittance and noise disturbances, etc.

In the laser displacement sensor [4,5], a diode laser was focused onto the actuator of the mag-lev system
being measured using an objective lens in order to provide a small measurement spot. The size and intensity
of the optical spot onto the detector is usually not critical, since the detector will sense the centroid of the
spot. A wavelength selective ®lter in front of the detector was installed to isolate the ambient light and
increase the signal-to-noise ratio. Since the focused laser beam is small, the resolution, acquisition and
measurement range is quite large. The calibration procedures for the laser displacement in combination
with the mag-lev system, can correct the initial nonlinearities by tabulating corrections.
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There have been many dissertations on the digital control of magnetic levitation and suspension systems.
For example, Trumper et al. [6] designed a linear controller, which provides satisfactory performance,
stability, and disturbance rejection over a wide range of operating points. Lin and Gau [7] selected nine
output variables to simplify a nonlinear magnetic bearing system into nine linear decoupled subsystems
with no internal dynamics using feedback linearization control. Knospe et al. [8] adopted several adaptive
on-line synchronous vibration control algorithms demonstrated on a laboratory rotor, supported on
magnetic bearings with a high-speed digital controller.

In our system, a special feedback control procedure was developed for a mag-lev control system with
multi-information about the displacement. The positioning system framework provides an ideal tool for
adaptation and allows the separation of continuous and discrete signals. In this way, it is possible to relate
the dynamic behavior of a mag-lev system to a multi-information DSP controlling system. Experiments
were performed to test the feasibility of this new control and feedback technique, including calculation of
the laser displacement sensors and feedback control of the position of the mag-lev stage.

2. Mag-lev system and laser displacement sensor

Fig. 2 depicts the circuit layout of the magnetic levitation system. Using the KVL theorem, the equation
for this circuit is produced as follows:

V ÿ Vbias � iR0 � L�x� di
dt
� i

oL�x�
ox

dx
dt
; �1�

where i is the current in the coil, V the input voltage, x the length of the air gap, R0 the resistance of the
emitter and L(x) the inductance of the coil.

In Fig. 3, the E-type core is considered as the combination of two U-type cores. Let lA be the length of
the ¯ux path in the I-type armature and lC the length of the ¯ux path in the U-type cores. The total im-
pedance of the U-type ¯ux path [9] is determined as follows:

RUÿtotal � Rcore � RG � RArmature � lC � lA�p=t� � 2lCx
l0lCA

� k1 � k2x; �2�

Fig. 1. The set-up of the magnetic levitation and suspension system with laser displacement measurement feedback.
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where
Rcore is the impedance of the E-type core, RG the impedance of the air gap, RArmature the impedance of the

armature. lC the permeability of the E-type core. l0 the permeability of the air, A the cross-sectional area.

k1 �
lC � lA

p
t

l0lCA
;

k2 � 2

l0A
:

The theory of a laser displacement sensor is based on triangular geometry. It is most linear in the central
region, called the standard working distance, falling-o� at the sides of the ®eld of view. As shown in Fig. 4,
the movement from the standard working point to A, Dy, is proportional to the deviation from the center of
the linear optical sensor, Dx. After modulation an analog output voltage vl corresponding to the length of
the air gap is obtained

vl � K�d ÿ d0� � K�xÿ dc�; �3�

where, d is the working distance, df < d < dn, d0 the standard working distance. K a factor. df the far-point
of working distance. dn the near-point of working distance. dc the compensation distance.

As shown in Fig. 5, the output voltage can be calibrated by zero and span adjustment. Using a set of
block gauges vl can be set to zero when the mag-lev stage is displaced on the standard working distance

Fig. 2. The layout of control circuit.

Fig. 3. The structure of the magnetic levitation system.
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position. The span adjustment procedures can also con®rm that the value of the output voltage is in
proportion to the displacement of the mag-lev stage. Then Eqs. (1) and (2) can be re-written as follows:

V ÿ Vbias � iR0 � L�vl� di
dt
� i

oL�vl�
ox

dvl

dt
;

RUÿtotal � k1 � k3�vl ÿ v0�;
�4�

where, k3, v0 are constant.

3. System dynamic equation

The path of E-type ¯ux parallels two U-type ¯ux paths, so the total impedance of the E-type ¯ux path
R is

Fig. 4. Conventional triangulation geometry in a laser displacement sensor.

Fig. 5. Zero and span adjustment for a laser displacement sensor.
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R � RUÿtotalRUÿtotal

RUÿtotal � RUÿtotal

� 1

2
RUÿtotal � 1

2
k1� � k3�vl ÿ v0��: �5�

By calculating the impedance, inductance L(x) and air gap x relationship can be determined as follows:

L�x� � n2

R
� 2n2

k1 � k2x
or L�vl� � n2

R
� 2n2

k1 � k3�vl ÿ v0� ; �6�

where n is the turn number of the coil. The relationship of the electromagnetic force Fe and the analog
output voltage vl is

Fe � ÿ 1

2
i2 dL

dvl
� i2n2k2

k1 � k3vl� �2 : �7�

From Fig. 6, the equation of motion is as follows:

m�vl � mg ÿ Fe � mg ÿ i2n2k3

k1 � k3vl ÿ v0� �2 ; �8�

where m is the mass of the E-type core and g is the acceleration of gravity. Let W1 � vl;W2 � _vl;W3 � i, the
dynamic equation [10] is produced from Eqs. (9)±(11).

_W1 � W2; �9�

_W2 � g ÿ W 2
3 n2k3

m k1 � k3W1� �2 ; �10�

_W3 �
R0 � ÿn2k3

k1�k3W1� �2
� �

W2

h i
k1 � k3W1� �

2n2
W3 � k1 � k3W1

2n2

� �
V� ÿ Vbias�: �11�

By linearizing the dynamic equation and giving the voltage values, current values, and the parameters of
the core, a scalar matrix which has 3� 3 dimension and calculate its characteristic equation and its eigen-
values is produced. Therefore, we can determine that the system is stable if all of its poles are in the left-half
plane.

Fig. 6. The forces in the magnetic levitation system.
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4. The PID control

The parameters of the set-up of laser displacement sensor are: the standard working distance d0 � 100
mm, factor K � 0:4 (mV/lm) ,the far-point of working distance df � 114 mm, the near-point of working
distance dn � 86 mm.

To minimize deviation measurements , we must install the laser light perpendicular to the surface of the
mag-lev stage. For comparison, the experimental results of PID control of the magnetic levitation and
suspension system are shown in Table 1 and Fig. 11.

The rise time, the overshoot, and the steady state error were not good enough. The system was rec-
on®gured with a special feedback control with an auto region selection.

5. Auto region selection special feedback control

We refer to MamdaniÕs mini-operation fuzzy implication [11,12] and adopted the center of area as the
defuzzi®cation method. The control mechanism in our system has two input variables, e(k) and ce(k),
de®ned as follows:

e�k� � jsÿ y�k�j;
ce�k� � e�k� ÿ e�k ÿ 1�; �12�

where s is the set-point, e(k), e(k ) 1) are the error signals at the time instant k and k ) 1, respectively. The
ce(k) is the change of error at time instant k. In addition, we de®ned the input elements, which include the
error, change in error, and the output elements.

The three requirements that we considered were: (a) the fast rise time; (b) the smallest overshoot and (c)
the smaller steady state error. Intuitively, for a large error e, we should set a large u(k). Not only the error
e(k), the change in error ce(k) also provides the information of tracking velocity. In our system, we used the
strategy that the system would have a larger positive acceleration at the beginning, followed by a reduced
rise time and a maximum variation in the incremental control input u(k) to a small value such that the
overshoot is reduced or prevented. From our experiment, the structure of the auto region selection posi-
tioning controller is shown in Fig. 7. The look up table of the positioning control system is shown in
Table 2. The control input Us(k) is calculated as follows:

Us�k� � Kr � u�k�; �13�
where Kr is the scaling factor.

Table 1

The experimental results of the magnetic levitation and suspension system

P I D Bias-distance (mm) Moment behavior Accuracy

5.35 5.6e ) 5 2.3e ) 5 0.5 bad �10 lm

5.35 5.6e ) 5 2.3e ) 5 0.4 bad �10 lm

5.35 5.6e ) 5 2.3e ) 5 0.3 normal �10 lm

5.35 5.6e ) 5 2.3e ) 5 0.25 normal �5 lm

5.35 5.6e ) 5 2.3e ) 5 0.2 normal �4 lm

5.35 5.6e ) 5 2.3e ) 5 0.1 normal �2 lm

5.35 5.6e ) 5 2.3e ) 5 0.07 good �2 lm

5.35 5.6e ) 5 2.3e ) 5 0.05 good �2 lm

5.35 5.6e ) 5 2.3e ) 5 0.03 excellent �1 lm

5.35 5.6e ) 5 2.3e ) 5 0.02 excellent �1 lm

5.35 5.6e ) 5 2.3e ) 5 0.015 good �1 lm

5.35 5.6e ) 5 2.3e ) 5 0.01 normal �1 lm

5.35 5.6e ) 5 2.3e ) 5 0.005 normal �1 lm
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The controlled region is divided into the following three regions, where each region depends upon the
set-point(s) and the output of magnetic driver y(k) (Table 3):
1. e(k) < 0.7d (positive acceleration region),
2. 0.1d < e(k) 6 0.7d (negative acceleration region),
3. e�k�6 0:1d (stability region),
where

e�k� � jsÿ y�k�j; d � jsÿ y0j: �14�
In region (1), the present position is very far from the set-point, Therefore, it requires a large control

value to turn the output to the set-point quickly, i.e., the output value of the positioning controller must be
chosen as large as possible to accelerate the system response. Note that the value of e(k), ce(k) in these
region will always be e(k) > 0, ce(k) < 0. A large scaling factor Kr makes the incremental control input Us(k)
large enough to reduce the rise time. The large value of Us(k) will increase the acceleration, so the rise time
can be reduced further by increasing the Us(k) value. The value of e(k), ce(k) in region (2) always be
e(k) > 0, ce(k) > 0. The Us(k) value in this region must be limited to prevent an overshoot of the transient
response. Thus, the value of the scaling factor Kr is chosen as small as possible for generating a small Us(k)

Table 3

The controlled region

Region Kr

1 0.05d

2 0.085d

3 0.015d

Table 2

Look-up table of the positioning control

e u: ce

)5 )4 )3 )2 )1 0 1 2 3 4 5

)5 4.5 4.5 4.5 4.2 3.4 2.2 1.6 1.0 0 0 0

)4 4.5 4.5 4.5 4.2 3.4 2.2 1.6 1.0 0 0 0

)3 4.5 4.5 4.5 4.2 3.4 2.2 1.6 1.0 0 0 0

)2 4.0 4.0 4.0 3.4 2.3 1.6 1.2 0.4 )0.2 )0.2 )0.2

)1 3.0 3.0 3.0 2.2 2.0 1.0 0.4 0.1 )0.6 )0.6 )0.6

0 0.8 0.8 0.8 0.3 0.1 0 )0.1 )0.6 )0.9 )0.9 )0.9

1 0.3 0.3 0.3 )0.2 )0.3 )1.0 )2.0 )2.1 )2.8 )2.8 )2.8

2 0.1 0.1 0.1 )0.5 )1.1 )1.5 )2.5 )3.1 )4.1 )4.1 )4.1

3 0 0 0 )1.0 )1.5 )2.1 )3.2 )4.2 )4.5 )4.5 )4.5

4 0 0 0 )1.0 )1.5 )2.1 )3.2 )4.2 )4.5 )4.5 )4.5

5 0 0 0 )1.0 )1.5 )2.1 )3.2 )4.2 )4.5 )4.5 )4.5

Fig. 7. Auto region selection positioning controller.
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in order to prevent the overshoot. In region (3), the system output is approaching the required position and
the set-point is very nearly reached. The oscillation will occur when the value Us(k) is too large or too small,
so the scaling factor Kr must be appropriate chose by medium value such that the output approaches the
steady state value.

6. Experiment

The structure of our mag-lev system consists of a personal computer, a DSP control board, a magnetic
driver board, and a main control mechanism. The DSP control board uses a TMS320C50 as the central unit
processor and has the ability to perform the complex mathematics calculation. The I/O port of this board
has four A/D input and two D/A output channels. The dynamic measurement range of a laser displacement
sensor is about 14 mm which is not enough to sense all tracking path (almost 40 mm). Hence, our system
cascades three laser displacement sensors to cover the moving path. Each sensor connects with an A/D
input channel. After the positioning calculation process, the D/A output channel of the DSP board gen-
erates a voltage between 0 and 10 volts to the magnetic driver board that converts 0±3 ampere current for
the magnetic driver coil. The detail circuits of the driver board is shown in Fig. 8. The block diagram of the
CSDK50 DSP board is shown in Fig. 9.

The special controlling system ¯ow chart is shown in Fig. 10. The operation procedure of the mag-lev
system is as follows:

Fig. 8. The detail circuits of the driver board.

Fig. 9. The function block diagram of CSDK.
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The set-point distance must be entered to the personal computer and the zero position of the system
must be adjusted before controlling. The software code should be downloaded to the CSDK50 DSP board
that takes charge of the position control during the working time. The laser displacement sensors detect the
distance di�erence between E-type iron core and the vertical moving stage then passes the distance data to

Fig. 10. The system ¯ow chart.

Fig. 11. The experimental results of PID and our positioning control.
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the A/D channel of the CSDK50 for advanced decision making calculation. The output signal of the DSP
board is the control voltage to be sent out by the D/A channel. The driver board is a voltage to current
circuit to convert a suitable driving current to the magnetic coil.

Fig. 11 shows the di�erence between set-point, PID, and our positioning control. The experiment results
show that the positioning control scheme yields a superior transient and steady state performance.

Some problems remain, which are discussed as follows:
(1) Because the resistance in the coil, which on the E-type core does not tend to zero, it is big enough to

e�ect the current in the coil. If the input voltage supplied to the transistor is too large, the transistor will
operate in the saturation region. If the input voltage is too small, the current in the coil will become so small
that it cannot produce enough electromagnetic force to make the E-type core attract to the I-type armature.
Therefore, the regularization of the range of the input voltage becomes an important problem. Therefore,
the input voltage of the transistor must be regulated appropriately in the active region, which will create a
linear electromagnetic force.

(2) When we designed the OP and DSP circuit, we used a power transistor, which will create a lot of heat.
This heat will in¯uence the performance of the devices in the circuit of the system. Therefore, it is important
to add a thermo-radiation layer to sponge the heat from the transistor and reduce its heat energy.

7. Conclusion

A DSP multi-processor system was built to control a mag-lev stage with a laser displacement sensor
feedback. By taking advantage of the laser displacement sensor feedback, a special control method was
proposed to reduce the data processing time and increase its accuracy. Experiments on the mag-lev stage
position control were performed. The experimental results show a response time shorter than one milli-
second and accuracy better than 2 lm.
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