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Abstract: This paper describes a novel planar repulsive maglev prototype. In this
maglev system, the carrier is levitated by a planar 2D array of coils. The levitation
forces are due to repelling between the magnets and the coils. Then, the general model
of mation of the carrier with complete degree of freedoms(DOFs) is derived and
analyzed. Next, for the sake of control, aPID controller is designed here to regulate the
al DOFs of the planar maglev system. From the simulation results, satisfactory good
performances including stiffness and precison have been demonstrated. The
experiment of the proposed system isunder preparation. Copyright ©2002 IFAC
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1. INTRODUCTION

In the real world, besides air bearings, free-floating
levitation can be achieved by two methods: one with
electrostatic levitation and the other with magnetic
levitation (abbreviated as maglev). In the former,
electrostatic charges of the same or the opposite
polarity are deposited on two opposing objects.
Levitation is achieved by the attractive force due to
the opposite polarity or by repulsive force due to
charges of the identical polarity. In the latter maglev
system, attractive as well as repulsive levitation can
be obtained in the same fashion.

Recently, magnetic levitation is considered as one of
the most suitable ways to achieve the high precision
transportation.  From the previous research results,
some just discussed a single-axis maglev system
(Wang and llene, 1993; Chen, et al., 2000), but some
others (Kim, et al., 1997; Chen, et a., 1999) have
expanded the single-axis system into a dua-axis

double-decked or planar system. However, in the
literature there are relatively fewer works which
investigate the planer dual-axis maglev positioning
system. In this paper, we build a novel planar maglev
platform to achieve the objective of 2D high-
precision positioning. A new mathematical model is
first derived, based on which aPID controller isthen
designed to achieve satisfactory system performance.
To demonstrate the effectiveness of the entire system
design, simulation results are provided for
verification.

In this paper, design, analysis and control of a novel
planar maglev positioning system is presented.
Several salient features of the current research work
include: (1) successful development of analytica
tools for predicting electromagnetic properties: field
solutions can be easily desired using magnetic flux
density and vector potential, (2) both electromagnetic
and mechanical design for amaglev platform, and (3)
theoretical validation through extensive numerica



simulation subject to a PID controller for achieving
six-DOFs regulation.

2MAGLEV SYSTEM DESIGN CONCEPT

In this section, some basic concepts about physics
and electromagnetics are important for the design of
the aforementioned maglev platform. To complete
the overall system design, some mechanisms have to
be evaluated before we can finalize the construction
components of the entire system. The overall system
configuration mainly consists of two parts, namely, a
carrier embedded with a number of magnets, and a
bottom plate decked with a 2D matrix array of
cylindrical solenoids.

2.1 Electromagnetic field -- Cylindrical Solenoid
Design

In the numerica andysis, when the levitation
distance between the magnet to be levitated and the
cylindrical solenoid underneath is very small, the
magnetic flux in between approach a constant value.
The arrangement of the cylindrical solenoids and
their floating currents such that a rather uniform
magnetic field over a planar surface dightly above
the coil array, as shown in Fig. 1. Therefore, it seems
that this structure with a permanent magnet becomes
the most optimal choice to meet our special purpose.
Under some thorough analysis, the specificaions of
the cylindrical solenoids are determined such that
the resistance is 2.8W, the thickness of wire is
0.361mm, the inductance is 325Ts, the number of
turnsis 380, and the vertical height is 10mm.

As has been mentioned earlier, if the magnetic
dipole sits on a horizontal place at a ting distance
from the solenoid array then the subjected
(vertical)levitation force is approximately constant
over the entire plane. Thus, the force function can
be desired from a simpler case with only single
solenoid and a magnetic dipole over it, i.e,
(Brzezinaand Langerholc, 1974).

2
F, = n}J(lez) r (1+i), (1)
2a pr
where m, = air-magnetite coefficient (permeability)
N = the number of turns of the electric wire
|, = current of electric wire

r = width of magnet
a =air gap of levitated object and solenoid

2.2 Carrier Design

From our forgoing research, NdFeB seems to be the
best choice at present for the magnet materia,
because it has high coercivity and remanence. These
characteristics of NdFeB magnet can produce larger
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Fig. 1: Theplane of the cylindrical solenoids

magnetic forces when subject to a magnetic field.
Therefore, in the present work we choose such kind
of magnets to be those embedded in the carrier. To
keep lightweight and to avoid magnetization, the
carrier is made by the material of Aluminium. In
order to meet the requirement of obtaining a planar
two-dimensional positioning platform, the carrier is
embedded with eight stabilizing permanent magnets
on the adant sides to provide the lateral forces and
with four levitating permanent magnets on the bottom
of the carrier to counteract the weight of the carrier.

In the positioning system, existence of levitating
force due to repelling usualy causes destabilization
in the lateral direction. Therefore, we design the
stabilizing magnets affixed to the sides of the carrier
in order to provide sufficient @ntrol force in the
lateral direction. To serve this control purpose, the
paired stabilizing magnets on each side are much
better than a single one, since the former case can
provide twice of the stabilizing force to the carrier
than the latter case, and the arrangement of the
aforementioned magnets is shown in Fig. 2. For a
free-floating system, the total six DOFs of the carrier
should be taken into consideration, namely, X, Y, Z,
f ,q andy wheretheir definitionsareshowninFig.3.

2.3 System Modelling

In order to achieve the high-precision positioning
performance, we must control the trandation and the
attitude of the carrier properly. To fulfil this purpose,
a complete analytical model which includes two
lateral DOFs, one propulsion DOF, and three
orientational DOFs will be first derived. Before we
proceed with the modeling, severa technica
assumptiors must be made to let the task be more
tractable.

Assumptions:

A. Each magnet is considered as one single dipole
carrying the same magnetic dipole moment and is
located at the center of each magnet.

B. The geometric arrangement of the array of
cylindrical solenoids and the adjustment of their
floating currents are such that there exists a plane
above the top face of the array of solenoids with
uniform magnetic field.



C. Any pair of permanent magnets on any side of the
carrier are far separated so that the influence in
between can be neglected.

Trandation part; Consder the carier to be
represented by a uniform rigid-box shaped object
with the center of mass coincident with the center of
geometry. In the following context, we will assume
that the carrier in Fig.2 suspends over the coils in
Fig.1, in away that the magnet with a label will be
roughly sight on the coil with the same label. The
principle of linear momentum leads to the force
equation:

A§F =i, 2

where A is the transformation matrix from the body-
fixed coordinate to an inertial coordinate, mis the
weight of the carrier, and R, isthe position of mass
center. According to Fig. 3, Eq. (2) can be expressed
asfollows:

Fe +Fs,
Fo +Fsy
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where in the subscripts of the above notations the
numerals correspond to the magnet labels, and S, L
are to classify the interaction force into stabilization
kind and levitation kind, respectively.

Rotation part; The principle of angular momentum
leeds to torque equations for the rotational
coordinates. Form Euler’ s equations (Hang, 1992),
the rotational dynamics with respect to the carrier
body coordinate are as follows:

Mg =Ala +Aw’ lw, (4)

where | is the moment of inertia of the carrier in the
body coordinate, and W, a are the angular velocity
and acceleration aso expressed in the body
coordinate, respectively. As a result, the angular
acceleration can be obtained as:

la=A*(Mg- Aw™ lw)
v (5)
=ar F-wlw,
i=1

wherer; stands for the coordinate of theembeddedin
the carrier and F; respect its subjected force so:
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Because the carrier is of geometrically symmetric
shape, the moment of inertia | represented with
respect to the body fixed coordinate will satisfy the
following: Ly ==l =1, =1, :|Zy:o,and hence
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The angular velocity w =[w,,w,,w,] associated with
Euleriananglesf , g andy are:

w, =y -qsnf
w, =f cosy +qcosf sny (8)
w, =q cosf cosy - f sny

For small angles, the angular accelerations can be

approximated as follows:

- [af +af ]

e e ST 9
a,=f-[fyy -aqy +aff - qy]
a,=q-[aff +ayy +fy +fy’]

For small angular motions, the terms in brackets on

the right hand side (RHS) of Eq.(9) are negligible

compared to the mgjor termsy’,f and q, i.€,, pitch,
roll and yaw accelerations. Such approximation can
be validated, for example, when the magnets on the
carrier are 1cm apart and the air gap between the
magnets and top face of the solenoids is about 1mm
corresponding to angular displacements of the order
of 5 mrad. The eguations describing the angular
motions can therefore be approximated as follows:

T =Ly T,=If T,=149 (10)
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Fig. 3: Control force acting on the carrier



Based on Egs.(3) and (10), we then are able to derive
the dynamics of the carrier successfully. Then, we
redefine the contral inputs, currents of the solenoids
underneath the carrier, as y, = | =1y =1y,
=1 |41 |42 v U |51 |52 ’
Up =l =1, Where the [ is the currents of the
solenoid with label ij referring to Fig.1. Finaly, the
full DOFs equations of motion can be obtained as:

11: |12’ uZ

UA:|31 32 ! Ug =

MX = 4K X + 2K s (U, +Ug)

MY = 4K, Y +2K o (Ue +Up)

MZ =4Kpn Z + 20K s (U, - ) + Ky (U +Ug +Ue +Up)

1,0 = 42°K £ q + 28K 35U, +Ug +Uc +Up)

IS = 26K (u, -
+4pK, f +bK,, [(u,

ul) X- ZabKFZS(ul + uz)y

- UB)+(UC - uD)]
Iy =-2abKess (U; +U,)f +4a%K ey + Ky (Up +Ug - U - Up)

Where| Ay and |, represent the moment of inertia
of the carrier with respect to principal X,Y and Z axes,
respectively, Kg(y(, are destabilizing force constants,
Ki() ) are congtants related to the stabilizing forces
and the driving currents. More detailed modelling
process and parameter definitions can be found in
(Shiu, 2001).

2.4 Platform

The bottom part of the platform is devised to provide
levitation force to the carrier. Recaling the laterd
instability due to repelling in the vertical direction, to
prevent the carrier from faling damage as a result of
surge movement, some safety measure is undertaken
by setting up the surrounding blocking boards. The
bottom part of the platform consists of a dented plate
used to dock the array of cylindrical solenoids
systematically, and one to more spacers need to
accommodate the driver circuits, as shown in Fig.4.
Obvioudly, the design of this positioning system can
be geometrically expandable since the size of the
solenoid array and the space of holding the pertaining
driver circuits are variable. Finaly, the four
sideboards are set to enclose the entire electrical
circuits and to hold cooling fans for heat radiations.

3.CONTROLLER DESIGN
Mathematically, the PID control can be expressed by:
U, :F>i.><Ei+Ii><(‘)Eidt+Di><%Ei (12)

where P, |; and D; are the proportiona gain, integral
gain, and differential gain, respectively, and E is the
value of the state error.

The procedure of this method, namely, the
generalized Ziegler-Nichols method (Zhuang and
Atherton, 1994), is briefly described below:

Blocking Boards 4% Carrier
L
¥ Solenoid plate
) @E &
i < Support

(1) .\

Fig. 4: The devices of the platform and assembly

(1) After linearizing the dynamic mode in Eq.(11)
around some operating points, we can derive an
opertloop transfer function G(s).

(2) Choose the controlled variable weighting factors
¢ (i=1,2,...6) for therelative control quality.

(3) Adjust the gain ( ,,) and bring the P-controlled
system to a sable oscillation keeping the
following relationship between different loop
gains G, 'sas

K:iG; (0) C

A = i= 1,---6
KP.i+1Gi+:l,i+1 (0) G

i+1

(4) When the oscillation just commences with K, a
K., » We can define the critical frequency w, from
the OSC|IIat|on period T, and the critical controller
gain k , for the given system.

(5) From the generalized Ziegler-Nichols tuning
formulas (Niederlinski, 1971), we can determine
the controller parameters aslisted in table 1.

Table 1: Generalized Ziegler-Nichols tuning rules

controller Kp T T,
parameter
P ak
PI a,K,, 0.8l
PID a,K, 05T, 0.12T,
where  05£a £405 . 045£a,£4045

06£a £4/06 and the choice of the coefficients
a, depend on the ratiog, =w,_ /v, With v,
bemg the critica frequency of G,. i a, <<1,
a; can be chosen at the hlgher value of the
suggested range, and if . isnear to one, a
should be chosen at the lower value of the range.



(6) Check whether the relaive control quality is
satisfied. If not, change c, appropriately, and
then return to step 2.

From this algorithm, the PID controller gains can be
determined as P={1700,1550,2000 1450,1850,1150},
I={ 200,200,160,80,200,40} andD={50,50,40,20,50,10}.

4. SMULATION RESULTS

In this section, we will give some simulation results
based on the mathematical model and controller we
have derived so far. Some necessary system data are
given asfollows:

Table 2: Simulation data

Carrier Mass 0.172kg
Moment of Inertia Iy 0.000344kg.n’

ly 0.000344 kg.m’

l, 0.0005504 kg.n’
Levitating PM gap 2mm
Stabilizing PM gap 3mm
NdFeB PM dipole moment 9.675° 10" 8 Ant
Thedigance between levitating PM and a=b=10mm,
principd axesof each freebody c=25mm

Recall that the six stateare X, Y, Z,q ,f andy aswe

mentioned in section 2, and the control inputs are uy,
Uy, Us, Uyg, Us and ug. First, Fg. 5 shows the time
responses corresponding to the situation with the
largest initia rotationa error, ie., 0.0005 rad in our
mechanical system. When the carrier undergoes its
largest rotationa error, the corresponding transitional
error should be zero in an ideal case. However, in
these simulati ons we consider the nor+ideal case here.
Such nonridea situation may result from the
machining error, such as when the bottom plate
which holds the cylindrical solenoids and sensors are
not completely plane surface and so on. Next, Fig. 6
presents the responses due to 50g |oad that applied to
the carrier. In that case, we can observe that all the
Six state signals converge to zero asymptotically ast
goes to infinity. Comparing Fig. 5 and Fig. 6,
respectively corresponding to empty load and 50g
load, we can find difference between the two cases.
When the carrier is with 50g load, the control
voltages are larger than those in the case with empty
load. Thisis rather reasonable for the performance of
the PID controller that may adapt to the change of the
environment to ensure the system regulating
performance.

In Fig. 7, a pulse disturbance is applied to the
levitated free body after the six stages converge to
zero. It is found that all the states will remain to
converge to the steady state, which implies that the
PID controller is able to can tolerate quite large
disturbance.

5. CONCLUSION

In this paper, we proposed a precision six DOFs
maglev positioning system. This maglev system can
be readily used in a clean room, since it will not
generate wearing particle and no lubrication is
required. The dynamics of the maglev system have
been thoroughly analyzed and then a complete model
is adso derived. By this, we can understand the
dynamics in detail between the levitated free body
over alarge number of cylindrical solenoids.

The system has been treated as a multi-input multi-
output system, and a PID controller have been
designed here. From the simulation results, the
feasibility and effectiveness have been clearly
demonstrated. And, the full experiment of the
proposed system is on the way of preparation
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Fig. 5: The six DOFs of the carrier with maximum
lateral rotation initial condition
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Fig. 6: The six DOFs of the carrier with 50g load
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