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A Novel Dual-Axis Repulsive Maglev Guiding
System With Permanent Magnet: Modeling
and Controller Design
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Abstract—In this paper, we extend our previous result on de- medicine and biology (cell biology research). Some of these
signing a single-axis Maglev guiding system to a more involved technologies must be employed in a high-quality clean room
task of designing a novel dual-axis positioning system. First of all, or in a vacuum environment. In order to meet this requirement,

important issues related to construction of the mechanism of the tri t facturi d ad d fabri
dual-axis positioning system are addressed. Then, the dynamics of MOré stringent manutacturing processes and advanced fabri-

the dual-axis Maglev guiding system are analyzed. According to cation equipment must be developed. Here, however, we will
the derived analytic model, which is subject to unknown system pa- only investigate the Maglev techniques related to the field of
rameters, an adaptive controller that can control the carrier atthe  |arger (centimeter level) moving range with precision guidance,
desired target point of each axis with full alignment is presented. and we will report on our design and implementation of a

From the experiment results, a good performance in terms of reg- tot Maal t hich ied out t ify it
ulation of the guiding-axis and tracking of the positioning-axis is prototype iagiev system, which was carried out to vernly Its

achieved. This validates the design of the system hardware and high precision performance.

demonstrates the feasibility of the developed controller. The Maglev control problem is complicated due to the in-
Index Terms—Adaptive control, dual-axis Maglev, hybrid herent nonlinearities associated with the electro-mechanical dy-
magnet, precision guiding. namics. Besides these nonlinearities, the controller design has

to compensate for some modeling error which cause natural vi-
bration in the system. Therefore, the controller to be developed
|. INTRODUCTION should be robust enough to tolerate these system uncertainties
UE TO THE noncontact property of magnetic levitatiorand unmodeling dynamics. Many conventional controllers for
technology, a resulting system possesses many advitaglev systems are based on the proportional-integral-differ-
tages, such as no friction, no contamination, long life, higential strategy [11], or the pole-placement control method [12].
speed, low noise and so on. According to Hodtsal. [1], the This paper focused on adaptive control because it is robust to
system creates a stable state without any mechanical congiameter uncertainties and disturbances [17], [18].
when the gravitational force is solely counterbalanced by mag-In our previous research [13]-[16], we analyzed the dynamics
netic forces. Prior work on Maglev systems has spanned magfya single-axis Maglev guiding system and derived its ana-
fields. A large volume of literature has been published. Thigtical model, and we proposed an adaptive controller which
subject has attracted much interest in the areas of transportatieals with unknown parameters to regulate the system attitude.
[2], [3], magnetic bearings [4], [5], high-resolution positioningased on the above-mentioned works on a single-axis guiding
systems [6], [7], vibration-isolation tables [8], wind tunnels [9§ystem, we developed a novel dual-axis Maglev guiding system
and so on. Furthermore, as industrial technologies have coniimthis study. It is a repulsive Maglev system consisting of two
uously advanced, high-precision positioning has come to plaingle-axis guiding subsystems. The guiding system, including
a more and more important role in a variety of high-tech aresggnsors and drivers, was implemented. Experimental results are
such as integrated-circuit photolithography [10] (stepper amdovided here to demonstrate the feasibility of this proposed de-
repeat positioning), material science (tunneling microscopygign for a dual-axis Maglev guiding system. Furthermore, a sat-
isfactory performance in terms of stiffness and high resolution
was achieved.
The organization of this paper is as follows. Section Il de-
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Fig. 2. 3-D view of the dual-axis Maglev positioning system.

direction. The ground guiding system must levitate Subsystem
II, which levitates Subsystem I.

In this section, the mechanical structure of a Maglev guiding To facilitate the design task, one must reduce the combined

system will be described. Its analytical model will be derive@eight of Subsystems I and Il as much as possible. Also, re-
and analyzed. ducing the weight of Subsystem | helps to reduce the dynamic

coupling between the two Subsystems while Subsystem | is
moving along Subsystem II. Then, once the weight of Sub-

) ) ) system Il is reduced, excessive coil currents or coil turns that
In a stepper, one often adopts a linear slide which suppofégq to a significant magnetic field can be avoided, which in
and guides the carrier. The system proposed here is featureq iy alleviates undesirable disturbance to the system. To achieve
an active control which provides a contactless linear slide byich weight reduction, the approach adopted here places light
is different from the magnetic bearing of a rotating machine. I(Ebrmanent magnets inside the tracks instead of using a large

our earlier work, arestricted version with one axis was proposgflmper of coil turns to reduce the total weight. A side benefit
and. then us.ed as the basis for the present two-axis design. EP&dding permanent magnets is that power consumption is re-
design details of that system, the reader can refer to [14]. In iced since the major counter-gravitational force is attributable
cpntext described below, only a brief review of the design {§ the permanent magnets. Another way of achieving weight re-
given. _ _ o _ duction is to reduce the length of the upper guiding tracks due to
The features of this two-axis Maglev guiding system includene fact that each levitation magnet beneath Subsystem | never
1) repulsive levitation; 2) hybrid magnets; 3) a passive carrighyerses the full length of the track, so that the length of each re-

and active track; 4) an oblong coil; and 5) a four-track desigfhining track is apparently shorter than that of the upper guiding
Subsystem | includes a carrier, permanent magnets and a M@dicks as shown in Fig. 2.

fied voice-coil motor (VCM), and Subsystem Il includes upper

guiding tracks, permanent magnets and a VCM, respectively. o

Referring to Fig. 1, which shows Subsystems | and I, the ng Modified VCM

manent magnets and the winding coils inside each track togethefo provide propulsion force in the Y direction, we adopt a
are called the levitator, and the winding coils along the sides wiodified VCM as shown in Fig. 3. Its most salient feature is its
the tracks are called the stabilizer. A three-dimensional (3-I&¥ck of contact. The design of the modified VCM is similar to
view of the dual-axis Maglev system is shown in Fig. 2. Sulthat of a linear motor with exception that it (the modified VCM)
system | moves along Subsystem Il in thedirection, whereas does not have stepwise nature. Therefore, the actuation resolu-
Subsystem Il moves along the ground guiding tracks inYthe tion reaches the limit of the digital signal acquisition device.

Il. SYSTEM DESCRIPTION ANDMODELING

A. Maglev Guiding System
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The propulsion force of the VCM results from the interactiol
between the magnetic field generated by the permanent magnet , _
and the coil. The magnetic field created by the permanent m% J: 5. Relative motions of the Maglev system.
nets is shown in Fig. 4. The working principle of the VCM is to

generate a pushing forde along the track, as given by Egg]t.mstable modes can be decoupled from the stable ones
F=ilLx B (1)  the magnetic forces and torques between the levitation
magnets and stabilizing coils can be linearized about the
where; is the input current is the length of the flux path small displacements in thedirection and small rotations

and B is the flux distribution in the free space. In practice, the  in the @ direction;

direction of current is perpendicular to the direction of the flux * the stiffness of the ground guiding tracks in the vertical

in the mechanism, so that we derive the value of the interaction direction is strong enough (or the weight of Subsystem |

force as is light enough) so that the disturbances induced by the
moving range of the floating body can be neglected.

Now considering only the lateral direction, we can observe

o o _ that each levitation magnet beneath the carrier is subject to a
The force in this design is more powerful than that in the trgsestapilizing force; from the levitator if the levitation magnet

ditional VCM, where the moving coil encloses one edge of thg ot at the center of the track, and a stabilizing fafgerom

rectangular steel frame, on which two bar magnets are attachgd stapilizer to the center of the track as shown in Figs. 7 and
parallel to its inner side as the magnetic core. The whole mehyye can rewrite them in a more general form as [12]

anism functions as a rail. The reasons for this design are as fol-

lows. Because both edges are associated with magnet bars as F;=Kys 3)
shown in Fig. 4, the VCM has higher magnetic intensity since F, = — K, 4

an air gap between two edges will exhibit higher magnetic flux

density. Also, because of the arrangement of the two magnetiherek, is a positive value, called a destabilization force con-
edges facing each other, the interior magnetic field tends to $tant here K; is a positive constant related to the stabilizing
perpendicular to the coil across the air gap; that is, the magnetiece, s is the displacement, anf is the control current in the
field can be more effective. As a result, motion control can bsabilizer. If the vertical direction disturbance from the VCM is
accomplished more easily using less control current in the caikgligible (assuming it is much smaller than the high stiffness

produced by the levitator), the propulsion force can be simpli-
C. Simplified Model of the Dual-Axis Maglev System fied as

In the structure mentioned above, there obviously exists
: Fc = KcIc (5)
coupling between Subsystem | and Il, and we cannot control
them independently. Here, we will present a dual-axis mod@iherek. is a positive constant for the VCM aridis the control
including the dynamics of Subsystem | and I, but we wilkyrrent in the VCM.
concentrate on the unstable modes. For later reference, we wilHere, XY Z denotes the global coordinate system with
refer to this mechanism as a dual-axis model for two floating pointing out of paper. The local coordinatés,, Ym zm }»
bodies. {zaryarza ) are chosen to be coincident with Subsystem | and
Before modeling, several assumptions must be made herg|ig principal axes, respectively, so that the products of inertia
order to simplify the modeling process, namely: can be zero as shown in Fig. 5. We denote that Subsystems | and
* the repulsive levitation design yields two floating bodied undergo displacementX,,,, Y,,.,0,, and Xy, Yar, 0y, re-
which are laterally unstable but vertically stable, wherspectively, whereX,, is Subsystem I's long-range movements

F =iLB. (2
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Fig. 6. Positions of the levitation magnets in the dual-axis Maglev system.

andY,, is Subsystem II's long-range movements, respectivefyd- /- Subsystem Il of the dual-axis Maglev system.

For simplicity, we further assume that the forces applied to the
levitation magnets beneath the carrier board are concentrate
on their central point.

To obtain the equations of motion for a rigid body, we have

> F=mX (6)
d o 1r=1Jb (7)

where F' and T denote the external force and torque, respec-
tively, whereasn and.JJ denote the mass and inertia with respect
to thez axis of the rigid body, respectively.

Now, we can derive the equations of motion for Subsysten
Il. The positions of the levitation magnets are shown as Fig. 6,
and the relative displacements of the Subsystem Il magnetgig 8. Subsystem | of the dual-axis Maglev system.
ground coordinates are

the VCM, respectively. After substitution of (9) into (6) and (7),
Dx(a,b X a i i i
x(a,b) — |2y U(=61) ®) the motion equations of Subsystem Il can be obtained as
Dy (a,b) Yr b )
M X =2(Fyisi + Faiso + Fydi + Fudo)
cosfl  sinf

whereU(f) = ] is the transformation ma- + 2(Finsi + Finso + Fidi + Findo)

H —sinf  cosf s PR Sinej\,j_FmCCOSHI\/j
trix and(a, b) represents the positions of the levitation magnets .
mounted on the upper guiding tracks. MYy = Kuclvue = 2(Fusi + Fuaso + Findi + Findo)
Forces exerted by the ground guiding tracks on Subsystem |l cos Oy — Fresinfyy
from (3) to (5) are Jar0ar =2(Fageo + Fatao)das cos O
Pusi = —Kuslyii (inner pair) — 2(Fwmsi + Faai)dar cos Oy
= — i _2Fmso+Fmolox_ZFnlsi+Fm(ilix
X direction : Fuiso Kyshao (outer pair) ( do) ( 1i)
Fyvai = KvaDx (—dare, dar), where
Favdo = KvaDx (—dars, —dar) ow X dm1 X
. . ’ =U (0 U(-0,, —
Y direction :  Fye = Knvielye 9) loy ( AI) Y.. T ( ) —dm3 Y

ix Xm _dm,l X]\[
where Furi, Fuso are stabilizing forces caused by the inner Eij :U(6“'1)<[ym]+U(_9m) |:_dm2:| - [YMD (10)
pair of stabilizers and the outer pair of stabilizers in the ground

guiding tracks, respectivelyf\iq; and Fyq, are destabilizing and M, J,; are the mass and moment of inertia of Subsystem
forces caused by the inner levitator and the outer levitator in tHerespectively. The ternilox, l,y]” is the displacement of an
ground guiding tracks, respectively, as shown in Figkyf, is outer track levitation magnet mounted on the carrier in the
exerted by the VCM in Subsystem Wy, Ivo, and Iy are  {zayarza} coordinate system, whereas the tegim, liy]T is
control currents in the inner stabilizer, the outer stabilizer ardat of an inner track one.
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Then, we derive the equations of motion for Subsystemwwherem, .J,,, are the mass and moment of inertia of Subsystem
The relative displacements of the levitation magnets betwekmespectively.
Subsystem | and Il on thézyyarza } coordinate system can  Observing the mechanical design, we can assuméthat

be obtained as Yar, Xar, 0, anddy, are small displacements so that the higher
Da(c, d) X . order terms are set to zero amh 0,, = 0,, cosf,, = 1,

{ TAT } =U(fy) {({ ’”} + U(—9M)[ D sinfy; =2 0y andcosfy; = 1. After substituting and simpli-
Dy(c,d) Yo d fying the equations of motion of the whole system, we can ob-

X . . . .
3 ({ M:| + U(<60) H )} (11) tain the following dynamic model in (14), shown at the bottom
Yur d of page.

where (¢, d) represents the positions of levitation magnets
mounted on the carrier.

We have grouped the stabilizers into an inner pair and an outer
pair, and similarly, for the levitators. Forces from Subsystem || Based on the modeling process described in the previous sec-

I1l. CONTROLLER DESIGN OF THEDUAL-AXIS POSITIONING
SYSTEM

to Subsystem | from (3)to (5) are tion, several assumptions have been made, which inevitably will
_ _ cause some modeling errors. Therefore, the controller to be de-
Finsi = —Kwslwi  (inner pair) veloped should be robust enough to tolerate these system uncer-
.o ) Fiso = —Kumelmo (outer pair) tainties and unmodeling dynamics.
Y direction : - . . .
Fiai = KimaDy(—dm1, dpn2) Based on our experimental experience, we will design an
Fado = KmaDy(—dm1, —dim3) adaptive control for the Maglev system, which can on-line
X direction :  Fmc = Ko lme (12) perform system identification implicitly or explicitly while

o ) tuning the controller gains so as to guarantee the stability of the
whereF i, Fins, are stabilizing forces caused by the inner pal|psed-loop system, especially in the case of a definite model
of stabilizers and the outer pair of stabilizers in Subsystem Ygrycture with unknown parameters and variable loads. Nowa-
respectivelyFrq; andFiq, are destabilizing forces caused byyays, high-speed PC-based controllers are becoming more
the inner levitators and the outer levitators in Subsystem Il, rgnd more economical and reliable when it comes to intensive
spectively as shown in Fig. &, is exerted by the VCM in computations performed to realize a complex adaptive control

Subsystem 1., Imo, andlyy, are control currents in the innerscheme. This fact, therefore, motivates us to adopt an adaptive
stabilizer, the outer stabilizer and the VCM, respectively. Thentroller.

motion equations of Subsystem | after substitution of (12) into
(6) and (7) become A. Plant Model

For stability analysis, we assign the control input, states and

Yyn =2(Fosi + F, Foai+ F 01
MY = 2(Fnsi + Fiso + Findi + Findo) 0050 unknown force constants as follows:

+ ch sin 0]\[

me = - 2(F‘msi + Fmso + Fmdi + Fmdo) sin 6]% u= [ul U2 U3 Ug Us UG]T
+ ch COS 9M = [Imc [mi + Imo Imo - Imi IMi
ngm = 2(Fmso + Fmdo)dml COS(Gm - 01\[) + IMO IMC IMO - IMi]T (15)
— 2(Fmsi + Findi)dm1 cos(0r, — Oar) (13) X =[T1 T2 T3 T4 T5 Tg)"
m):{m 0
mY'm 4Kmd (Ym - Y]\[) - 4Kdem6]\[
ngm _ 4Kmdd12nl(0’m - 01\[)
MXn | 4KmaX v
MYy 4K na (Vi — Yar) + 4K ma Xombar
IO 4K \ad3 100 — 4K md (Yo — Yar — Xon0m) Xom — 4K mad2,1 (0 — O0r)

2}(ms(Imi + Imo)el\/[ + chImc
_2Kms(lmi + Imo) + chlmca]w
—ZKmS(ImO + Imi)dml
—2K s (Inti + Ivto) — 2K s (Iini + Iino) 001 — K Ime
KMCIMC + 2I(ms([mi + Imo) - chImCHZ\J
Tarn + Tar
Tar1 = 2Kvs(Ivo — Inii)dart + 2K s (X — Xar) (i + Timo)

+

where
TM2 = 2[(msdrnl(]-mo - I[Ill) + 2I(ms(gnl - gl\f[)(dmZImi + dm3Imo) (14)
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=X Y —Yr 0 Xpr Yor 6 M]T (16) If all the parameters and states are known, then we can choose
K = [Kus Kid Kie Knis Kyia Ke]” the control inputs as
=[K, K2 K3 K; K5 Kg]". (17)

u=B"!(x,K)[-f(x,K) - Gpx — GpX] (22)
Now, the model in (14) can be transformed into

where G, =  diag(pi,...,ps) IS a position gain
Dx =f(x,K) + B(x, K)u (18) Gp = diag(d;,...,ds) and is a velocity gain. Then,
where (18) can be in the form
. m,Mm
D:dlag7M+m7Jm7M7M7J1w>0 Dk + Gpx + Gpx = 0. (23)
f(x,K) =
r 0 By choosingGp, G, properly, we can make the roots of (23)
4Koxo — 4Ksox1 16 real and negative. Thus, the control goals can be easily achieved.
4Kod?, | (23 — x6) In fact, the force constankK are unknown; therefore, the con-
4K514 " trol inputs are chosen by replacing the unknown constants with
—4Ksx9 + 4Kox1 X§ their estimated values
—4K5d%»11376 — 4K2(.172 — .171:173).171 — 4K2d,2nl(d?3 — LIZ(;)
B(x,K) = u=B"(x,K) [—f(x, K) - Gpx — pr] . (24)
r K; 2Kixg 0 0 0 0
K%% _20K1 ZKOd 8 AHSI K 8 In the above derivation, we have used the fact that
K. 9K 10’"1 oK 0 0 f(x,K) and B(x,K) are linear inK so that we can de-
I_( 1:3 2[1(376 0 B 0 4 K 0 fine the estimation error§(x,K) = f(x,K) — f(x,K) and
3T6 1 6 o _ . .
0 Koy Koo 0 0 9 Kadat B(x,K) = B(x,K) — B(x, K). Thus, the closed-loop system

after substituting (24) into (18) becomes

Also, the termsK'r; and K1 in B(x, K) are R
Dx =f(x,K) + B(x, K)B™!(x,K)

Kri =2K1(z1 — v4) + K1(dm2 + din3)(z3 — 6) [_f(x_/ K)— Gpx — pr}
K1y =2K1dm1 + Ki(dms — dm2) (23 — 26). - . .

—f(x,K) + [B(x, K) + B(x, K)] B !(x,K)
Based on the definition in (16), we can describe the control N .

objective as followstetzs, 3, 24, andzg approach zero, and [‘ﬂxv K) - Gpx - GPX}

let z; and x5 approachz, andy,, respectively, which implies =f(x,K) — f(x,K) - Gpx — Gpx

that the carrier will go to the desired positior {,y,) and main- ~ ; N )

tain Subsystems | and Il at the center of the upper guiding tracks +B(x, K)B™ (x,K) [_f(xv K) - Gpx - GPX}

and ground guiding tracks, respectively =f(x,K) + B(x,K)u — Gpx — Gpx. (25)
Before deriving the control and adaptive laws, we must deter-

mine the state errors and parameter estimation errors as follow%ve next define

= hnal St Aux -
=[z1 — 24 T2 T3 24 T5 — Yq Te] (19)
K =K, K, K3 K, K5 KT where A; = diag(A1,A2,...,)¢) is chosen to be posi-
> o > tive definite andS = T, Then, we choose
- [K}(_II((I K;(_I[((Q K;(_]q{(?’[ﬁ (20) Ay = diag(A/, N, .. .[./8)1\6’? to bSéG]positive definite, and
- 4 5 5 6 — 6] -

rederive the closed-loop dynamics due to the control input (24)
in terms ofS by differentiating (26) and incorporating (25) as
B. Control Laws follows:

The system is feedback linearizable due to the fact thatpyg _ Di + DA% = f(x, K) + B(x, K)

A - ) A u — GDX
B(x,K) is invertible, referring to (18) shown below, provided

or
K3 2Kizg 0 D (S+(D—1GD —A1)>'<+D‘1pr) A2D(S + AsS)
|B(X,K)| = — SKledmldMl Kgl’g —2K1 ﬁK@ ~ ~
—Kgll?g 2K1 KG = f(X7K) + B(X7K)u (27)
M +2m

2 2 2
=16 ~dmdan (1+a5) KiK3KiKe. (21)  provided thatGy, = DAyA; andGp = DA, + DA;.
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C. Adaptive Laws
Due to the estimates used in the control inputs, some adaptive

TABLE |
SYSTEM HARDWARE PARAMETERS

laws must be adopted. The adaptive laws are designed follo\ Sub-system I Sub-system 11
. Mass 0.5Kg 3Kg
K1 = g1 {2(s1u226 — Sou2 — dp153u3 — 546Uz + S5U2) Moment of inertia 0.04Kgm? 0.5 Kgm’
+ 56 [2(;1;1 — ;p4)u2 4+ 2d,,1u3 Stabilizing force constant -12.6 N/A -63.7N/A
Destabilizing force constant 243N/m 1215N/m
+ (23 — X¢) ((dm2 + dm3)uz + (dms — dm2)us)]} £
. 5 VCM force constant 30N/A S8ON/A
Ky =4g, {52(1‘2 - 1‘1376) + dm153(553 - 1176) coil diameter 0.4mm 0.5mm
_ 85(12 — :Elxs) — Sg [:El(ajg — .’131:E3) Stabilizer nurTbelofwires = 12201()50 y 20264(,)00
2 rack size X12x mm x20x mm
+ dpyy (w3 — w6)] } _
. NdFeB size 8x20%30mm 10%x25%100mm
K3 = g3[s1u1 + s2@eu1 — Squg — S5T6u) coil diameter 0.3mm 0.5mm
o ber of wires 100 160
Ky = —2qg4[squs + dpr1s6u Levitator |
. * 94[ s ML76 6] track size 20x10x200mm 20%20x400mm
Ky =4 [:vs+d2sa:] i
5 g5 494 M196L6 NdFeB size 8x2x200mm 10x2x400mm
N coil diameter 0.4mm 0.5mm
Ko = e M+m S2y + S5Us5 (28) veM number of wires 200 300
aircore size 30x20x80mm 40%20x120mm
whereg; > 0,Vi = 1 ~ 6. Then, combining the adaptive laws total size 50x40x80mm 60x40x120mm

and the control laws, the states and their velocities can be shc
to be asymptotically stable, as we will demonstrate in the next
section.

Remark: It should be noted that, to guarantee tBet, K)
is invertible so that the control law (24) is well-defined, some
parameter projection laws [17] need to be incorporated into the
adaptive laws in (28). We assume thaf;| > », > 0, for
1 = 1 ~ 6. Let us denote the nominal vector field by =
[T1,72,...,76]T and choose € (0,7;). The projection oper-
ator is given by (29) shown at the bottom of the page.

dy=64mm, d,,;=40mm, d,,3=62mm,d);=90mm, dy,=75mm, dj;3=133mm

: — &
B - oy Upper guiding tracks |5
g q ; ‘__— e -
b > a— , =
i \ i< -
a Ground guiding tracks £

(30) Fig. 9. Photograph of the physical setup of the dual-axis Maglev system.

D. Stability Analysis

In order to prove the stability of (24) using the control law
in (23) and the adaptive law in (28), we employ the Lyapunov
function candidaté’” as follows:

%[IN(TG‘IINC + STDS]

V:

,96), Whose time derivative can beBarbalat's Lemma [18], we can conclude have thas asymp-
totically stable, which implies that;, z; go to zero as time goes

to infinity. As a result, the control objectives described above are
achieved; hence, Subsystems | and Il are kept at the center of the
upper guiding tracks and ground guiding tracks, respectively.

whereG = diag(gs, ...
evaluated as

V =K7G 'K + S”D$
—K?'G 'K + 87 [—DAQS +f(x,K) + B(x, f()u]

~STDA,S + KTG 'K + 87 [f(x7 K) + B(x, R)u} IV. EXPERIMENTAL RESULTS

=STDA,S < 0. (31) The experimental hardware, including the main body, sensor
system, driver system and controller hardware, will be described

From (30) and (31), it can be seen thatis a suitable Lya- here. The parameters of the experimental setup are listed in
punov function. By using the Lyapunov stability theory, we camable I, and Fig. 9 shows photographs of the dual-axis Maglev
conclude thalK andS are all bounded, that; € L, and, in system physical set-up. A number of experimental results, in-

turn, thats, € L., by referring back to (24). Thus, by usingcluding the transient and the steady-state responses in different

KisgnKi > n; or msgnk; >0

: 1,
Ki=ri { max {07 M} , kisgnKi < m; and ;sgnK; < 0. (29)
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Fig. 10. Transient response of the adaptive controller. Fig.11. Transientresponse of the adaptive controller when a load of 100g was
employed.
situations, will also be provided in this section to demonstra 5 x10
the performance of this system with the controller presented —————Sub-system I
. PTT . g b-system 11
Section I1l. Based on these results, we will discuss some imp £ : Sub-system
=} Al . A
tant aspects of future research. £ i A
. g
A. Hardware Implementation S R N
This sensor system is divided into lateral sensor subsystel - -
which provides two- translational and two-rotational displace sl

ment data for the controller. Two identical gap sensor pairs ¢
mounted on Subsystems | and Il, and their physical locatio
are shown in Fig. 2. The model number of the gap sensor
AS-440-02, and it is manufactured by the KEYENCE Corpor:
tion, Japan. The gap sensor has~e20nm range of measure-
ment (ROM) with a resolution of 0.1% of ROM and the band -5
width of the sensor is 3.3 kHz. ! '3 i) >3 3
The function of drivers in our system is to provide sufficien,.t.ig. 12. Steady-state response of the adaptive controller.
current to the stabilizing and levitating coils. Because the cur-

rentinstead of the voltage is used as the control input, the curr%gt represent the translational and rotational displacements

drivers must have high enough bandwidth. The drivers we cYr Subsystem II. The control parameters for the adaptive
rently used are EM-19 linear amplifiers manufactured by KOIE‘ontroIIer were set as\; = diag(1,5,1,3,10,3) and

morgen _Inc. in the U.S. They are linear drivers designed to @p — diag(300 500 200 600 800 550), Gp = diag(25, 35, 20,
servo drivers for DC motors.

60, 75, 50).

_ The current microcomputer we use is an IBM PC with a Pen- Trazlsient ResponseTo verify that the adaptive controller
tium microprocessor inside. The clock rate is 233 MHz, which, mework could ensure that the dual-axis Maglev system could
allows us to accomplish real-time control implementation. The p,je\e stable regulation as opposed to its original unstable non-
ADC we use is a 12-bit high resolution data acquisition adaptghear nature, Fig. 10 shows the transient response of the adap-
and the DAC altogether has six converting channels with 12-fte controller with respect to the worse case (maximal displace-

resolution each. Based on the experiential results, we conclygen) e can observe that the rising time for Subsystem | was
that a sampling time between 0.1 and 0185 leads to better ( gg 5 and that the settling time was 0.11 s, whereas the rising

behavior of this system. time for Subsystem Il was 0.08 s, and the settling time was 0.1 s.
The magnitude of rotational overshoot on that Subsystem | was
0.1 mrad, and that on Subsystem Il was 0.05 mrad. Fig. 11 shows
Before we investigate the transient responses of thee performance when Subsystem | was subjected to a load of
closed-loop system, some specifications should be discussHeD g. This is exactly the salient feature of the adaptive con-
First, the full X direction translational range was limited taroller, which can adjust its controller on-line so as to adapt to
+1 mm, whereas theZ-axis full rotational range was-0.2 changes in the environment and ensure the best possible system
radian. On the other hand, we compared the performarperformance.
of the two cases, respectively, with no load and with a 1002) Steady-State Respons&he positioning precision of
g load. The symbolsz; and z3 represent the translationalour system is determined by the steady-state response of
and rotational displacements of Subsystem | whengaand Subsystem I. Figs. 12 and 13 show the system responses around

2.5 s B ]

(=]

Rotation(mrad)

B. System Performance
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Fig. 13. Steady-state response of the adaptive controller when a load of 100g (©

was employed. Fig. 15. Edge effect. (a) Top view of the magnetic flux distribution. (b) Side

view of the magnetic flux distribution. (c) Potential enery curve.

Sub-system I
Sub-system I1

may affect system responses. Other important conclusions are
drawn in the following.

1) Edge Effect:In modeling, we always assume that the
length of a guiding track is infinitely long so that we can
simplify the derivation of the electromagnetic equations and, in
turn, further makes our system easier to understand. However,
the length of the track employed here is only 40 cm. The edge
effect, therefore, does appear in our application.

Fig. 15(a) and (b) shows two different views of the magnetic

RN W AW WA |
L R Al el

Translation(mm)

Rotation(mrad)

g flux distribution of an oblong magnet. The flux density around

g the two edges is higher than that of the other area. Between the

£ SRR NSNS NS S two edges, the magnetic field is rather uniform, which implies

2 100 | the existence of small magnetic field gradients; hence the mag-
8 85 o 9.5 10 netic field complies with our assumption. On the other hand,

Time(sec)

the larger gradients near the two edges are far from the assumed
Fig. 14. Response of the adaptive controller with a reference trajectory. ideal case.

Indeed, the nonuniform magnetic field in the VCM moving
the operating points for an no load and a 100 g load, subjectdisection will impose a constraint force which will invalidate
the largest translation displacement. These results show that@Hesystem requirement. For a repulsive Maglev, the direction of
adaptive controller is superior in terms of its ability to regulatéhe constraint force should be clear from Fig. 15(c), which de-
performance, even when Subsystem | load varies. picts the curve of the potential energy. From the viewpoints of

3) Moving Along the Position Axis in a Harmonic Motionenergy conservation and thermodynamics, the carrier will slide
Test: Fig. 14 shows the experimental results obtained when thack and forth by repeatedly converting potential energy to ki-
desired Subsystem | position wag = 0.05 sin(30t) m and that netic energy vice versa until all the energy consumed by some
of Subsystems Il wag, = 0.05sin(20t) m. The initial state resisting force becomes heat. In other words, the carrier will
conditions were assigned randomly. When the guiding systéventually stop moving at the midpoint of the track due to the
was stable, its stability was slightly affected only at the instagkistence of damping forces.
when the modified VCM started to drive the stage in the Y 2) Damping Forces:As for the damping forces, there are
direction; however, the guiding precision was not affected. three sources in general. They are air damping, electromagnetic
our VCM structure, the above means that a propulsive forcef@ce (emf), and eddy current losses resulting from the dynamic
mainly produced in X and Y directions. On the other hand, otitagnetic field.
guiding controller can also effectively reject this disturbance via First, it is difficult to reduce the air damping to the point
the proposed adaptive controller. where it is negligible unless that we can provide a vacuum en-
vironment for operation. Second, the emf effect is relatively
insignificant since all the coils in our system are current-con-

Besides manufacturing and alignment imperfections, vibraeolled. Therefore, the last and also most important factor is the
tions from the interior of the building or from the mechanisneddy current losses, as will be explained below.

C. Discussion
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The currents circulating in metallic materials subject to an17] M. Krstic, I. Kanellakopoulos, and P. Kokotovilonlinear and Adap-
emf induced by a varying magnetic field give rise to eddy cur- __ tive Control Design New York: Wiley Interscience, 1995.
. . 'l[|18] J.-J. E. Slotine and W. LiApplied Nonlinear Control Englewood
rentlosses. AIthpugh t_he permeabmty ofthe matfar_lal we gsed I Cliffs, NJ: Prentice-Hall, 1990.
the tracks, aluminum, is pretty small, its conductivity inevitably
leads to eddy current losses. The kinetic energy, therefore, dis-
sipates gradually due to these energy losses until the system

reaches its minimum potential energy. Mei-Yung Chen (S’99) was born in Maju, Taiwan,
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V. CONCLUSION

In this paper, a larger moving range dual-axis Maglev syste
has been presented. A repulsive Maglev system with four act
guiding tracks was adopted here. The system was treated ¢
multi-input multi-output system, and an adaptive controller we , c Lor c ' ment or £l
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