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ABSTRACT 
A novel active mag-lev system, featuring a bearing 
force control method, is being developed. In conven
tional systems, bearing force is controlled by an electri
cal method in which electromagnet coil currents are 
varied. However, in the proposed system, bearing force 
is controlled by a mechanical method in which the air 
gap between a permanent magnet and the levitated ob
ject is varied. As permanent magnets are used, the pro
posed system is effective for eliminating heat genera
tion and saving energy. 
First, the principle of this suspension system is ex
plained. Next, a 1 DOF ball suspension system based on 
the proposed concept is introduced. Theoretical analy
ses of this system prove the feasibility of non-contact 
suspension and self-sensing controller. Experimental ex
aminations support the analyses well. Additionally, a 
separate 3 DOF disk suspension system is discussed 
and analyzed from a control method point view, and 
another system employing a piezoelectric actuation 
element and self-sensing controller has been considered. 
Finally the concept of using electrostatics, in place of 
permanent magnets as an attractive force means in in
troduced. 

INTRODUCTION 
There are many kinds of mag-lev systems[l] [21. Static 
levitation systems without superconductors need feed
back loops and control of magnetic forces. Position 
sensors and electromagnets with current feedback con
trol are usually used in electromagnetic suspension 
(EMS) systems. Position sensors sense the movement 
of suspended object, and magnetic forces are actively 
controlled by the electromagnet coil currents deter
mined based on the sensor signals. However, electro
magnet coils sometimes cause a heat generationprob
lem. 

Thus, We propose novel active mag-lev system with 
permanent magnets and a motion control mechanism in 
place of electromagnets and a current control mecha
nism. Owing to the use of permanent magnets, the mer
its of this system are that it eliminates problematic heat 
generation and is effective for saving energy. Also, with 
the application of this concept, a non-contact bearing 
mechanism can be added to systems such as conveyers, 
which already possess motion control schemes, through 
the installation of permanent magnets only. 
In this paper, we explain the principle of the proposed 
magnetic suspension system, describe theoretical and 
experimental examinations of two types of suspension 
system, and consider various non-contact suspension 
system based on the proposed concept. 

PRINCIPLE OF THE PROPOSED MAG-LEV 
SYSTEM 
An outline of one typical proposed system is shown in 
Figure I. A ferromagnetic body is levitated by the at
tractive force from a permanent magnet positioned 
above. The magnet is driven by an actuator. The direc
tion of levitation is vertical, and the magnet and the ob
ject move only in this direction. The equilibrium posi
tion is balanced by the gravity force and the magnet 
force. 
If the actuator does not actively control the magnet's 
position, the levitated object will either fall or adhere to 
the magnet. Servo-control of the actuator make this sys
tem stable. Because there is a smaller attractive force 
for a larger air gap between the permanent magnet and 
object, the actuator drives the magnet upwards in re
sponse to object movement from its eqUilibrium posi
tion towards the magnet. Similarly, the actuator drives 
the magnet downwards in response to object movement 
away from the magnet. In this way, the object can be 
stably suspended without contact. 
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FIGURE 1: Magnetic Suspension System with 
Permanent Magnet Motion Control 

In comparison to the electrical control method of EMS 
systems, this system is a mechanical control mag-lev 
system 

1 DOF MAGNETIC SUSPENSION SYSTEM 
To prove the feasibility of the proposed system, a I 
DOF experimental system was constructed as shown in 
the Figure 2, and its photograph is shown in Figure 3. A 
voice coil motor (VCM) is employed as the actuator of 
the permanent magnet. The shaded components in the 
figure move in concert with the permanent magnet and 
are supported by parallel plate springs. The shape of the 
permanent magnet is cylindrical 10 mm diameter and 4 
mm height, with its magnetic poles aligned in the verti
cal direction. The suspended object is an iron ball with 
19 mm diameter. The position of the ball is sensed by 
an eddy current gap sensor located under the ball. The 
resolution of the sensor is 0.5 /lm. The control system 
has a PD feedback loop and drives the VCM via a volt
age amplifier. 
In this system, the vertical direction of movement of the 
ball is controlled actively, while the other DOFs are 
stable without active control. In horizontal translational 
movements, the potential forces act the ball to be posi
tioned under the magnet, and the effect of residual 
magnetism of the ball settles the configuration about the 
rotation. The movements of these 5 OOFs are damped 
by the effect of air viscosity and eddy current. 

Symbols and Parameters 
Symbols and parameters in I OOF suspension system 
are: 
k = spring constant of parallel plate spring (4.57 kN/m) e 
~ = damping factor of spring (0.27 Ns/m) 

position sensor 

FIGURE 2: 1 OOF Magnetic Suspension System 

FIGURE 3: Photograph of Experimental Setup 

1110 = mass of the iron ball (0.0964 kg) 
1111 = mass of the shaded area in Figure 2 (0.0282 kg) 
R = resistance of the voice coil (6.35 Q) 

L = inductance of the voice coil (5 mH) 
kt = propulsi ve force constant (33.5 NI A) 
Zo = position of the iron ball (system output) 
Z 1 = position of the permanent magnet 
1;, = generating force by the VCM 
i = current of the voice coil 
V = applied voltage (system input) 

1;" = attractive force of permanent magnet. 
The direction of the coordinate frame axis is downward. 

Theoretical Analysis 
We investigate the feasibility of the proposed suspen
sion system from linear control theory. The controllabil
ity and the observability of the experimental system are 
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checked. The stability of PD compensator and self
sensing system are examined. 

State Space Model The equations of the motion of the 
ball and the magnet are 
m(/.o = Inog - !,,, 
mIl] + S.;\ + k"z] = t;, + I" + mIg 
The equations of the VCM are 

Li+Ri+k/Z1 =V 

fa =k/i 

(I ). 

(2). 

The attractive forcefiff is represented as a nonlinear 
function of the length of the air gap and it becomes 
larger as the gap decreases. By linearization of this 
function around the equilibrium position, we obtain 

_ di,,, = di,,, = k (k > 0) 
-::.\ ':\ til' 111 
UZo uZ1 

(3). 

We assume the state vector as x' = (Zo Z\ 2:02:\ i) and 

output y = ZOo From Equations (1), (2) and (3), the state 
space model is represented as 
x= Ax+bu 
y=CX 

(4). 

Controllability and Observability The determinant of 
the controllability matrix of the system of Equation (4) 
is 

det(b Ab A 2b A'b A4 b) = k,;,k/4 

L5 2 4 
mOm1 

and the determinant of the observability matrix is 

(5). 

detect (cA)' (CA2)' (CA3)' (CA4)') = k,~k[ (6). 
mOm] 

As Equations (5) and (6) are non-zero, the experimental 
system is controllable and observable and the feasibility 
of the proposed suspension system is verified. 

Stability of System with PD Compensator Next, we 
examine the stability of the system with PD feedback 
scheme. The system is represented as the autonomy 
system 
x=(A-bkpDCpD)X=ApDX (7) 

where, 

kPD = (kp kd ), 

C PD = (~ g ~ g g), 
and kp is a proportional gain and kd is a differential gain. 
If the PD gains were brought to appropriate values, the 
roots of the determinant of (sI-A PD) could lie in the left 
half~plane. So, we can make the system stable with PD 
control. The gains which make the system stable are 
given later. 

Self-Sensing System As the study of the system em
ploying a self-sensing controller, which drives the volt
age of the VCM and senses the current, we consider the 
following output equation. 
y=c"x=(O 0 0 0 l)x (8) 

The determinant of the observability matrix of this sys
tem is 

k k' k4 
det(c' (c A)' (c A 2)' (c.A 3)' (c A 4 )') = e III [ (9). 

"" " .\ S £43 moi 
Equation (9) shows the probability of self-sensing con
troller. However, as the spring constant k" is invoked in 
the right side of the equation, the permanent magnet 
must be supported by elastic element. 

Comparison of Experimental and Numerical 
Examination 
On experimental examination of the system shown in 
Figure 3, it was verified that the iron ball can be sus
pended without any mechanical contact, with a preci

sion better than 1 11m which is as good as the sensor 
resolution. 

Step Response The responses of the numerical simula
tion and the experiment to 0.1 mm step movement of 
the ball in the downwards direction were observed. The 
results are shown in figure 4. To actuate the step 
movement of the ball, the magnet was initially moved 
upwards, thus decreasing the attractive force acting on 
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FIGURE 4: Step Response 
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the ball and allowing it to drop. Correct servo action of 
the system was then observed as the ball's position con
verged towards the new desired reference point. In ad
dition, the ranges of feedback gains which provide sta
ble suspension were investigated and the results com
pared well with numerical computations, thus giving 
credence to the theoretical analyses. 

Feedback Gains for Stable System We investigate the 
feedback gains which make the suspension system sta
ble. The theoretical range is calculated from Equation 
(7) using the Routh-Hurwitz stability criterion. In ex
periment, when differential gain was fixed to some val
ues, the maximum and minimum values of stable pro
portional gain are measured. The result is shown in Fig
ure 5. The region surrounded with a horizontal line and 
a slanted parabola is the theoretical stability range. 
Vertical lines show the experimental stability ranges. 
Both the upper and lower points of each line agree well 
with the range of theoretical calculation. This result 
confirms that the theoretical analysis can be used to 
verify the effectiveness of the application of various 
control systems. 

3 DOF SUSPENSION SYSTEM 
We have made a disk suspension system which has 
three above-mentioned mag-lev mechanisms. The struc
ture is shown in Figure 6. The system uses a DSP 
(TMS320C31) as a digital controller. The movements 
of three magnets and 3 DOF of the disk which is a sus
pended object are sensed by 6 gap sensors. DSP cont
roller calculates appropriate currents of motor based on 
the sensor signals converted by AID converter and 
drives the motor through D/A converters and DC cur
rent amplifiers. 
The photograph of experimental setup is shown in Fig
ure 7. The permanent magnets are supported by ball 
bearings and are driven by VCMs. The center of this 
system is the center of the three axes of motors. The sus
pended disk is an iron plate with 3.2 mm thickness and 
100 mm diameter. The magnets are ring-shapes with 
heights of 4.5 mm, inside diameters of 8 mm, and out
side diameters of 20 mm. The coordinate frame is set 
with the z axis in the vertical direction and the y axis in 
the direction from left to right. 
Two translational DOFs in horizontal plane and a rota
tion about z axis are not actively controlled. They are 
stabilized passively by the attractive forces on three 
iron ball halves which are located on the disk and under 
three permanent magnets, respectively. 

Parameters and Variables 
Parameters and variables for the theoretical analyses 
are as follows. They are different from those of 1 DOF 
system model, even if same symbol. Subscript i indi
cates the position of a motor or a sensor shown in Fig-
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FIGURE 5: Stable PD Gains of the System 
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ure 6, where i = 1.2.3. 
Ino = mass of disk ( 0.220 kg) 
I = inertia of disk about x or y axis (1.38 x 10-4 kgm2 ) 

J1i 1 = mass of the part with a magnet ( 0.075 kg ) 
k, = propulsi ve force constant ( 4.5 NI A ) 
rill = distance from magnet to center ( 0.035 m ) 
r, = distance from sensor to center ( 0.035 m) 
20 = vertical position of the suspended disk 
q"qr = rotation of the disk about x and y axis 
2j = position of a permanent magnet 
,I'j = sensor output for the disk 
.t;"j = attractive force of magnet 
.t; = force of V CM 
i j = current of VCM ( system input) 
dj = air gap between magnet and disk 

Theoretical Analysis 
We assume that the air resistance and the friction of 
motor bearing can be neglected, the center of gravity of 
the disk is aligned to the center of the system, and the 
characteristics of the permanent magnets are same. The 
equations of the motion of the disk are 
molo = mog - filii - flll2 - flll3 

.. _../3 
Ii)x - Trm(/',,2 - /,,,3) (10). 

Ii)y = r,1I/'''] -tr,,, (/,,,2 + /,,,3) 
The equations of the movement of the permanent mag
nets are 
mjlj = mjg + fmj + f; (II). 

The attractive forces of magnets are linearized as 
/'Ilj = kill (Zj - s) (12). 

The propulsive forces are proportional to the currents 
of voice coils. 
/; = kJj (13) 

If the movement of disk is enough small, the relation 
between the sensor outputs and the movements of the 
disk is represented by 

(;~) = (: -Jr, t;,J(~:J = T.(~:.J 
.\'3 1 T'. '['. 9y 9y 

The state vector is set to 

x' = (Zo 9x 9y Z] Z2 Z3 20 9x 9v 21 22 23 ) 

and the input vector and the output vector are 
U'=(il i2 i3)' y'=(s] S2 S3 ZI Z2 Z3)' 

(14). 

The state space model of this 3 DOF suspension system 
is represented by 
x= Ax+Bu 
y=Cx 

(15). 

The system of Equation (15) is controllable and observ
able. 

Design of Controller 

In this system, the axis of a VCM is aligned to the axis 
of a disk sensor. Two control methods are considered. 
One is a concentrated control system which controls a 
current of a VCM by all information from 6 sensors. 
The other is a decentralized control system which con
trols a current of a VCM by the information of only the 
two sensors on the axis of the VCM. 
The system divides into three sub-systems. The state 
vector of a sub-system is x,,' = (Sj Xj '~j Zj)' the output 

vector and the input are y,,' = (Sj z), u" = i j. The 

state space model is 

. _ ( 0.:.. 12 J ( 03XI ) 
x" - ~111/md klll/md O2 Xd + kJm j ud (16) 

klll/m j km/m j 

Yd = (1 2 O2 )xtl 

where, inti = InJ3. 
Using PD control method, the system has state feed
back loop. The feedback gains are calculated by optimal 
regulator theory. Three types of gains are calculated. 
1) decentralized control, attention to Yd and uti 

2) concentrated control, attention to y and u 
3) concentrated control, attention to x and u 
The gains of Methods 1) and 2) are obtained such as the 
next cost functional is minimized. 

J = r(y' Py+u' Ru)dt (17) 

Method 3) uses the next functional. 

J = r=(x' Qx + u' Ru )dt Jo (18) 

Matrices P, Q, and Rare 
1) P = diag(lOO 100 ), R = 1, 
2) P = diag(100 100 100 100 100 100), R = diag(1 1 1), 
3) Q = diag(100 10 10 100 100 100000000), R= 
diag (1 1 I). 
The state feedback gain matrix can be transformed to 
the sensor signal feedback gain matrix by linear coordi
nate transformation. The sensor feedback gain matrices 
which are obtained from Methods 1), 2) and 3) are all 
grouped into the next equation. 

(
al bl bl a2 b2 b2 a3 b3 b3 a4 b4 b4 ) 

K = bl u] bl b2 u2 b2 b3 u3 b3 b4 u4 b4 

bl bl al b2 b2 u2 b3 b3 a3 b4 b4 u4 

(19) 

The gains of three controllers are shown in Table 1. 
From the table, we can find that the gains of Methods 1) 
and 2) are very similar. It shows that if we use optimal 
regulator theory with attention to outputs and inputs, 

T bl 1 O' I F edb kG' ae Jptlma e ac ams 

a a, a, a b b, b, b 

1 ) -151 137 -3.68 2.13 0 0 0 0 

2) -150 135 -3.67 2.12 -0.52 0.52 0 0 

3) -234 180 -5.92 2.44 45.4 -24.4 1.23 -0.17 



- - --.. ~ ------------------------------------------.....:~....,., 

136 SYSTEM DESIGN 

the concentrated controller is not better than the decen
tralized one. 

Numerical Simulation 
We make a numerical simulation to examine the control 
performance of above 3 methods. The simulation is 
based on the linear model of Equation (15) . The initial 
position of magnet 1 is 0.5 mm downward from equi
librium position. The movement of disk and input cur
rents are recorded until the system converges on the 
equilibrium position. 
The results are shown in Figure 8. Responses of Meth
ods 1) and 2) are similar. In the system of Method 3), 
the errors of gradients of the disk converge more 
quickly than the 20 movement. From the figures of cur
rents, we can see that system does not drive only the 
VCM I but VCM 2 and 3. 
If the suspended disk has not the iron ball halves, the 
system must control the translational motion in the 
horizontal plane. It is important to control the gradient 
of the disk, which actuates in the horizontal direction in 
this case. Method 3) is useful. 

FIGURE 9: Photograph of Suspended Disk 
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FIGURE 8: Simulation Results 
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FIGURE 10: Sensor Signals During Suspension 

Experimental Examination 
Suspension examination of the system shown in Figure 
7 is carried out. A photograph in the state of suspension 
is shown in Figure 9. The sensor signals during suspen
sion are recorded in Figure 10. The control method is 
decentralized system. The gains ai' a2, a3 , a4 in Equa
tion (17) are -886, 750, -26, 11, respectively. The rea
sons for the differences are to account for the velocity 
term of weight matrix in optimal regulator theory and to 
make the system robust. 
Sensor signals have residual vibration with peak to peak 
20 or 30 11m. The vibration is caused by the weakness 
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of centripetal force in the horizontal direction, because 
the shape of the magnet is a ring. This problem can be 
solve by using small diameter magnets. 

FURTHER SYSTEM 
With the proposed concept of controlling force by 
varying the air gap length, we can consider various in
teresting levitation systems. We introduce two possible 
levitation systems. 

Mag-lev System with Piezoelectric Element and 
Permanent Magnet 
A system employing a piezoelectric actuation element 
and self-sensing controller has been considered. By 
nature, piezoelectric elements incorporate both drive 
and support mechanisms, permitting designs that are 
both simple and small-scale. It follows that by simply 
attaching a permanent magnet to the tip of a piezo ele
ment, a levitation system can be made. 
The outline of the system is shown in Figure 11 . The 
equivalent circuit model is shown in Figure 12. Consid
ering the characteristics of the equivalent circuit, we 
can represent the system as 

moxo =1,1/ 
mlx j = TV - !'n - Rdij - Xj (20) . 

cdV = i-Til 
The state space mode from Equation (20) which input is 
the current of piezoelectric element and output is the 
voltage, is controllable and observable. 

Application of Electrostatic Suspension System 
The concept of using electrostatics, in place of perma
nent magnets, as an attractive force means is intro
duced. The structure of the system is shown in Figure 
13. As the first step of the electrostatic suspension sys
tem without mechanical contact, the suspended disk, 
made of silicon is supported by a spring. In this system, 
we can verify the feasibility of electrostatic suspension 
on experiment. 

CONCLUSION 
A novel active mag-lev system, featuring a bearing 
force control method, was proposed. In the proposed 
system, bearing force is controlled by a mechanical 
method in which the air gap between a permanent mag
net and suspended object is varied by an actuator. 
A 1 DOF experimental system is made and analyzed 
theoretically. On experimental examinations, it was 
verified that the iron ball can be suspended without any 
mechanical contact and the theoretical analysis was sup
ported well. 
A 3 DOF disk suspension system is introduced. Three 
types of controllers for the system are examined by 
numerical simulation. 
As further application, two interesting levitation sys-
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FIGURE 11: Outline of Simple Suspension System 
with Piezoelectric Element 
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FIGURE 12: Equivalent Circuit of Piezoelectric 
Suspension System 

FIGURE 13: Electrostatic Suspension System 

terns are proposed. 
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