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Modeling and Vector Control of
Planar Magnetic Levitator

Won-jong Kim, Member, IEEE David L. Trumper,Member, IEEE and Jeffrey H. Langfellow, IEEE

Abstract—We designed and implemented a magnetically lev- systems are complicated and expensive and have complex
itated stage with large planar motion capability. This planar dynamics which limit high-speed operation.
magnetic levitator employs four novel permanent-magnet lin- — “ i is 5 trend that the industry has come to use planar motors
ear motors. Each motor generates vertical force for suspension . . S S
against gravity, as well as horizontal force for drive. These linear 0" tWo-dimensional positioning applications more frequently
levitation motors can be used as building blocks in the general than ever. The Sawyer motor is one of the earliest inventions in
class of multi-degree-of-freedom motion stages. In this paper, we this category [4]. Since its motion is tightly constrained to a
discuss electromechanical modeling and real-time vector control pjane, a Sawyer motor cannot provide focus range or local

of such a permanent-magnet levitator. We describe the dynamics o ejing without using fine-motion actuators. However, the
in a dg frame introduced to decouple the forces acting on | !

the magnetically levitated moving part, namely, the platen. A magnetically levitated stage presentgd herein. can generat.e all
transformation similar to the Blondel-Park transformation is  Six-degrees-of-freedom (6-DOF) motions required for focusing
derived for commutation of the stator phase currents. We provide and alignment, and large planar motions for positioning using a
test results on step responses of the magnetically levitated stagegjngle magnetically levitated moving part, namely the platen.
It shows 5-nm rms positioning noise inz and y, which demon- S S . )

This is a significant advance over other existing techniques

strates the applicability of such stages in the next-generation ) . . . .
photolithography in semiconductor manufacturing. described previously, thanks to the resulting mechanical sim-

Index Terms—dg_theory, linear permanent-magnet motor plicity. The platen can be designed to have a high naturgl
magnetic levitation, photolithography, precision position controlz frequency and, thus_, can be moved more rapidly than multl_-
vector control. element stages which have more complex dynamics. This
allows higher speed and, thus, increases machine throughput.
Magnetic levitation can also achieve the nanometer-order po-
sition resolution required for deep-submicrometer lithography
when appropriate position sensors are used.

ANY traditional mechanical stages for—y position-  The actuators for this planar magnetic levitator are three-
ing, such as used in wafer steppers in semiconducigfase surface-wound surface-permanent-magnet linear mo-
manufacturing, have either crossed-axis-type or gantry-tyRgs Error motions due to cogging and nonlinear effects
configurations [1]-{3]. Thez-axis linear stage is typically are expected to be minimal [5]. The linear motor uses a
driven by anothery-axis stage moving orthogonally to theyyainach magnet array for its power efficiency and low field
z a>'<i.s. The mechanical bearing tolerance for these precisi@iiortion [6], [7]. Induction motors are avoided, since they
position control systems must be very tight, so they affssipate heat in the moving part and are generally hard to
expensive to make. Some precision planar positioners al§ghiro|. Variable-reluctance motors, such as stepper motors,
use a pl_ezoelectnc fme_-mouoq stage_on top of a CO@IL  have inevitable cogging forces. Multiphase permanent-magnet
mechanical stage. Verticak (axis) motions for focusing are y,ors are capable of generating suspension force, as well as
generated by additional independent mechanical means. S{f0e force [8], [9], S0 that they do not need any other actuators
for suspension and fine position adjustments.
We provided a general design and analysis framework for
Paper IPCSD 98-51, presented at the 1997 Industry Applications Socigigrmanent-magnet machines in a previous paper [10]. There,
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magnetic levitator. To drive the motors, we constructed linear
transconductance power amplifiers. Their maximum current
and voltage ratings arec1.5 A and £22 V, respectively.
The nominal power dissipation per motor is 5.4 W at the
0.5-A nominal peak phase current. The suspension power
dissipation coefficient of the magnetically levitated stage is 7.2
mW/N2. The nominal airgap clearance between the magnet
array and the stator is 250m. The nominal motor airgap
for the capacitance gap sensor is 2pth larger than that

of the motor airgap, so that the capacitance probes are not
touched by the platen in any condition. The detailed electrical
and mechanical design of the platen and stators and the
instrumentation structure of the system are described in [11].

Fig. 1. Planar magnetic levitator.

I1l. DECOUPLED FORCE EQUATIONS

levitated stage. Finally, the real-time controller design and testOr modeling purposes, we measured the mechanical and
results are presented in Section V. electrical parameters of the stage. The platen misds

measured as 5.58 kg. The inertia tensor of the platen about

II. PLANAR MAGNETIC LEVITATOR the platen center of mass is calculated as

Fig. 1 shows a photograph of the planar magnetic levitator 0.0541 0.00276 —0.00253
[11]. The planar motion coverage of the stage is 50 mm  I-p = | 0.00276 0.0541  —0.00261 |kg-m*. (1)
50 mm, which can readily be scaled to accommodate the next —0.00253 —0.00261 0.0981

generation wafers. For focusing and alignment, the vertical
travel range is:200 ;m and the angular ranges of the stagéhe resistance and the self-inductance of one phase of the
are+600 prad. We use three channels of laser interferometesnding are 14.4Q and 3.44 mH, respectively; the mutual
with subnanometer resolution to measure the position in thluctance is negligible because the stator is ironless. In the
plane and three channels of capacitance probes for the steg of this section, we derive decoupled force equations with
position out of the plane. Thus, all motions required foa dg theory.
photolithography can be supplied by this single stage. The
design is also applicable to the newer classes of step-and-sga; Decomposition
lithography stages.

F'g' 2 is a perspective view of the prototypg magneucall% introduced to isolate the stator current component that
levitated stage. The magnetic levitator contains four three-

phase linear permanent-magnet motors as its actuators. gﬁgerates torque [12], [13]. The principal goal of ttg

X . : . ) decomposition is to express the electrical dynamics of the
linear motor is designed to generate suspension (vertical) forc%tor and the rotor in a common reference frame. The direct
as well as translational (lateral) force, as indicated in Fig. § ’

The unprimedzy~ frame (the inertial frame) is fixed to theaxIS (@ axis) and the quadrature axig §xis) are fixed to the

o L rotor frame and rotate with the rotor. Then, force equations
stators with its origin at the center of the stators on the plane . : . ;

) X . nd commutation described in the frame do not contain the
enclosing the three sensing surfaces of the capacitance probes

The primedz’y’ 2’ frame (the body frame) is fixed to the pIaterPOS'tlon (_jependence .W'th respect to _the stator.
o o Each linear motor in our levitator is designed to generate
with its origin at the platen center of mass.

. - suspension force, as well as translational force, as indicated
With an arrangement of the motors as in Fig. 2, the platen _. .
in, Fig. 2. Decoupling the two orthogonal force components

generates all 6-DOF motions for focusing and alignment angould be performed to control the two degrees of freedom

large two-dimensional step-and-hold and scanning motions fls%e endently. As in Fia. 4. we define theaxis as thes’
high-precision positioners, as used in wafer stepper sta%es P y. 9-% )

. ; . Xis in the platen frame. The axis leads thel axis by a
in semiconductor manufacturing. For example, we actuate

positive f», and £, in Fig. 3 to get a motion in the positive guarter of the motor pitch, which is 90n electrical angle,

AL » . . in the 4y direction.
Y d|rect|on.. TO generate a positive ro tation around Uu_ms, In previous work [10], we defined, andJ, as the real and
we put positivef,. andf.. and negativef,. and fs.. Motions .,maginary parts of the fundamental current density components
in the four other degrees of freedom are generated in similar L
ways In the stator windings. Le¥, and .J; be the quadrature and
i - . : irect components of this current density, respectively. Then,
A TMS320C40 digital signal processor is used as a reeﬂ]—e foIIowiEg transformation fronJ, JZ]T top 1, J);]T

time control processor to stabilize and control the plan%Ids with the definitions in Fig. 4:

1The capital XY Z frame is fixed to the platen and used as a reference
frame for the equilibrium conditions in the Appendix. TheandY™ axes are J vt |
on the same plane that contains theandy’ axes and are rotated by 45 [Jq} = o [ a} (2)
around thez’ axis. d

The d¢ decomposition in conventional rotary machines

Jy
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i | In the above equationgy, is the horizontal displacement of
7LV the 2’y'~' frame with respect to they> frame in Fig. 4.
Z
J.
v B. Force Equations
f——— - [ o ] Sl
h Is We derive decoupled force equations in steady-state sus-
pension in a dynamic equilibrium. Using the relationships
Jy,2 = Nmfy,-x and iq, = 2n9J,,,, We rewrite the

Fig. 3. Free body diagram for force allocation. relationship [10, eq. (20)] between the total lateral and vertical

_ _ ~ forcesf, and f. and the peak current componemtsand .
wherey; = 27 /1, ande™¥” is a transformation matrix given For motors Il and IV, this results in

by . .
fy 1 —12 COS Y1Yo S 1Yo | |ta
. = s puoMongN,,,Ge™ T1*° . N © S
vt COS 1Yo SIN V1Yo ©) [fz zHo07o ¢ —sin y1yo €os M1Yo | |

—sin y1% oS %0 (5)
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For our design, the parameters have the following values: the ]
magnet remanence g M, = 1.29 T; the winding turn density . Conwroller Gy

is mp = 2.491 x 10° turns/n?; the number of active magnet o~ AT et Toms .
pitches isN,,, = 15/4; the pitch isl = 25.6 mm; the absolute Y e T '{b 1 o Pt G
value of fundamental wave number+g = 27/l = 245 m~1;  stepinput lead g gain  ZOH

the magnet array width isx = 92.0 mm; and the nominal
motor airgap iszg = 250 um. The magnet array thickness is
A = 1/4 and the winding thickness B = [/5, determined
via the power optimal design presented in [7]. The const
G contains the effects of the motor geometry and is equal to
4.89 x 10~% m® [10]. The same force equation is valid forThe factor of v/6 is introduced to match the definition of
motors | and Il by changing the variablg to z. [J. Jp]¥. The transformatiorf’s, is defined by

From (2) to (5), we can decouple the lateral and verti-

alﬂg 5. Schematic diagram of the decoupled lead—lag controller.

. . 2
cal force components in the quadrature and direct current 3 0
componentsix, and izq: 1 1
Tp=| —= —& (11)
fk(ac,y) = %NOMOUONWLGC_’YIZO qu (6) \gg \gi
sz = l/vLO-2\40770-Zvrnc;(ei’ylZ0 Lkd (7) - =
’ V6 V2

where k represents motors I-1V. With the motor airgap The transformation matrix in the above has different elements
fixed, the lateral and vertical forces are determined by mulfrom the usual inverse Blondel-Park transformation [14]. The
plication of the constant magnet residual flux dengityd, difference arises from the phase current convention we are
and the stator currentg, or ira.2 Thus, we produce. with using, and the above representation is consistent with our
ixg and fi(z, ) With 4x,. The quadrature current, does not previous work in [10].

influence the vertical force., and the same holds fak Finally, the commutation law for the three-phase currents
and fy(., ). Substituting the above parameter values specifizs ik irc]? and the desired forcdg. fk(%y)]T be-
to our motors, comes
) ThA 2 1 0
9 2¢7V1#0
{fk}r:w} =27.7 N/IA {f’ﬂ (8) ixB :41\46 | Y2 VB2 e
kz tkd ikC HoiVioTo m _1/2 \/3/2
yield the motor horizontal and vertical forces. ) [ Jrs } (12)
Jr(@,v)
C. Commutation We now have a relationship between the desired forces and

We derive the commutation for the three-phase currefffe Phase currents.
densities /4, Jg, and Jo in the context of thedg theory

(Fig. 4). The stator current density is a function of the lateral IV. LINEARIZED EQUATIONS OF MOTION
positiony on the stator frame. We can show that In this section, we derive linearized equations of motion for
_ the vertical and lateral dynamics of the stage. They prove to be
Ju(y) = 2Jq cos Y1y + 2Jp sin y1y. (9)  second-order dynamic equations with a mass and a (positive or

negative) magnetic spring. To linearize these force equations,
The three-phase current densitiés, Jp, Jo, J4, Jp, and  we setzg = Zo+70, ¥o = Fo+0o0, ta = tatid, andi, = 7,41,
J¢ are located on the stator, the boundaries of which are\@herez, is the nominal levitation height, which is 25em.
z=0,1/6,1/3,1/2, 21/3, 51/6, and so forth, and.s = —J;, From (8), the nominal direct current componénis calculated
Jp = —Jp, andJc = —J_. Then, the inverse Blondel-Parkio be 500 mA, which generates 13.9 N per motor, about a
transformation holds betwegd, J,]* and[Ja Jg Jc|'  quarter of the weight of the platen; four motors support the
in the balanced three-phase operation [14]. From this, fifi| platen weight of 54.7 N. The nominal quadrature current
follows that componenti, is zero, because the platen is in a dynamic
equilibrium with £, y = 0. The linearization in terms of

2 0 _ .y = 0. The lineariz of
J the small-signal quantities with tilde is discussed later in this
A .
Jg | =| 2cos T 2 ¢in T Ja _ \/6T32 Jq ' section.
J 3 3 ']b ']b
C 2 2
2 cos ?W 9 sin ?W A. Euler Angles

(10) We need a transformation between the two coordinate

systems—the body frame of the platen and the inertial frame

2Recall the Lorentz force equatidn = J x B. Other terms in (6) and (7) Of the stator. In other yvords, we descrlb_e thg orientation of
are geometric constants. the body framer’y'z’ with respect to the inertial frameyz
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Fig. 6. 5um step response im with perturbed motions in the other five axes.

defined in Fig. 2. We follow thecyz convention, which is So, the equation of incremental motion in the vertical direction
commonly used in engineering applications, to define Eulir

angles [15]. Since the angular motions are small in our case, 23,
the Euler angles), #, and ¢ can be considered as rotationg\/fﬁ

around thez, y, and » axes. — 240 MomoNyn Ge™11%07,.  (15)

+ 200 Momo N Gyre™ " %4 Z

B. Equations of Motion When there is no controky = 0, the vertical dynamics are

... . marginally stable. The equation of incremental motion in the

Retaining zeroth- and first-order terms, the equilibriu L . o .
- . LT ' ral direction is derived similarly [16], leading to
condition for the vertical direction becomes from (7) Tateral directio y [16] g

d2~ — AT o~
Mg =4-1u0MynoN,,G MEP Moo N Ge™ "7 o
2 dt2
(Mg — e Mz + e ) (13) = poMomo Ny Ge™ 11704, (16)

where f. is the total vertical force, sum ofi., f2., fs-,  When there is no controf,, = 0, the lateral dynamics show
and fi.. The factor of four in (13) results from assumsits unstable nature.

ing that the four linear motors are equally responsible for with the levitator model in hand, we develop decoupled
suspending the platen. When the platen is in dynamic eqdbntrollers in the next section.

librium, the weight Mg of the platen should be matched

by 4 - (1/2)poMono Ny Ge™7 %044, Now, the force equation V. DECOUPLED VECTOR CONTROL

becomes Classical decoupled lead—lag control is applied to stabilize

f2 = 20 MonoNpy, Ge™ V%0 4g — 200 Mono Ny Gyre ™ "%004%.  the platen motion. We also provide test results on positioning
(14) noise and step responses in this section.
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Fig. 7. 50urad step response i with perturbed motions in the other five axes.

A. Vertical Mode Control The phase margin of this controller is5hand it is fairly robust

By substituting nominal and geometric parameters givdfl force perturbations. Fig. 6 shows g5 step response in
in Section Ill into (15), the decoupled vertical translational With this lead—lag controller.

dynamics can be presented as I_3ecause of the geome_trical_symmetry/jmnde of the levi-
P25 tation system, they have identical controllers. These controllers
5.58 %f + 136007 = f.. (17) are

The modal forcefz is a sum of the decomposed vertical Gy o(z) =3.6659
force componentd., f2., f3., and f... The uncompensated 4(1—0.96300271)(1 — 0.99624271)
resonant frequency of this platen mass-magnetic spring system X (1—0.68592z1)(1 — 2~ 1)
is calculated as 7.85 Hz, which is very close to the measured (19)
natural frequency 8 Hz during testing.

To eliminate the steady-state error, the following Iead—laﬁqeir gains must be different from those in th&(z), since

controller with a pole at the origin is implemented far the numerical values of the moments of inertla,(= I,, =

1 —0.963002"1)(1 — 0.996242~1)  0.0541 kg-m?) are different from those of the mass.

G.(z) = 3.8006 106(
(2) X (1 - 0.68592z—1)(1 — =—1)

(18) B. Lateral Mode Control

The crossover frequency of this controller is 70 Hz. Fig. 5 is By substituting nominal and geometric parameters into (16),
a block diagram of the closed-loop system with the controllethe decoupled lateral translational dynamics for:ttdirection
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Fig. 8. Positioning noises in 6-DOF position regulation with the decoupled lead—lag controllers.

for motors | and Il can be presented®as A/D electronics used to sample the capacitance probe outputs
is primarily responsible for the poorer positioning noisezin
d?*z ~
5.58 Ff _2771E = [ (20)

VI. CONCLUSIONS

The modal fqrcef,; is a sum of the decomposed lateral force In this paper, we have presented the modeling and vector
componentsfi, and fs,. Here, we again use the lead-lagontrol of our planar magnetic levitator. All the 6-DOF mo-
controllers from (18) with a gain a$.7047 x 10° N/m for z tions required for focusing and alignment in photolithography
andy. Similarly, the controller forp has the same pole—zeroand large planar motions for positioning across the wafer
pattern as before with a gain 6f4746 x 10* N/rad. Fig. 7 is surface can be generated by only one magnetically levitated
a 50urad step response i, This completes the descriptionmoving part. Thus, the mechanical structure of the planar
of the decoupled control design for 6-DOF stabilization of theositioner is very simple. The actuators for the levitator are
magnetic levitator. four surface-wound slotless permanent-magnet linear motors
which exhibit no cogging force. The motors employ Halbach
magnet arrays for power efficiency and low field distortion.
Each of these actuators can generate vertical, as well as lateral,

Fig. 8 shows the position regulation under the decouplggrces: it is a two-degree-of-freedom actuator.
lead—lag controllers designed above. The positioning foise e developed alg theory for our two-degree-of-freedom
in z and y axes is on the order of 5 nm in the root-meamgctuator to decompose vertical and lateral force and current
square sense. The positioning noisegins 0.025urad rms.  components. With thigg decomposition and transformations,
The test result in Fig. 8 contains a strong 120-Hz componefife derived a commutation law to drive the four motors
Laboratory floor vibration due to a large transformer in the lalg stabilize and control the magnetically levitated platen.
oratory, or heating, ventilation, and air-conditioning (HVAC)_inearized equations of motion were derived on the basis of
equipment located in the next room is believed to generate tfie previous analysis [10]. A vector control was successfully
noise. The figure also shows the vertical displacemeahd realized for the planar magnetic levitator. We were able to
the velocity » in the = direction. The vertical displacementstapilize the platen in 6-DOF, which confirmed the validity of
shows a 15-nm-rms positioning noise 4n The noise of the gur model and commutation law.

Decoupled real-time digital lead—lag controllers were de-
signed and implemented with a digital signal processor. As test

4 . L . N . results, we presented step responses of the magnetically lev-
We use the terminologpositioning noisefor uncertainty in position due

to various disturbance and noise, such as electric noise in position sensE%t,ed stage. This levitator shows 5-nm-rms posmomng n0|se
A/ID and D/A quantization, floor vibration, etc. and consumes only 5.4-W power per motor and is suitable

C. Positioning Noise

SWe need to replace with y for motors Il and IV.
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for the next-generation photolithography in semiconductdiese equilibrium conditions are also valid for small-signal

manufacturing. force components. Thus, we can use the same relations for the
small-signal vertical force allocation.
APPENDIX flz 0.250
FORCE ALLOCATION fou | 0333 ; 27)
To implement decoupled digital controllers for 6-DOF sta- faz | ]0.250 Ja- (
bilization of the platen, we derived force equations and de- Jaz 0.167

coupled the platen dynamics in Section IV. Since the currentgince we do not want any net vertical force perturbation in
levitation stage is a redundant actuator systewg need to equilibrium, therefore,

allocate the modal forces and torques to the vertical and lateral R R ~ ~
decomposed forces. Jiz + foz + fao + fa = 0. (28)

Now consider the two other rotational degrees of freedom in
the vertical dynamics. The modal torques have the following

The force allocation can be derived with a free bodyelationships with decomposed vertical force components:
diagram (Fig. 3) and dynamic equilibrium. The vertical force

A. Vertical Force Allocation

components should generate three-degree-of-freedom focusing To = (12 + f2)ls = (f3: + fa)la (29)

and alignment motions, as well as support the mass of the Fy = (fae + fr)li = (for + f3)ls. (30)

platen (5.58 kg). So, the nominal vertical forces must satisfé )
T y the symmetry of the problem for the rotations around
Sio+ for+ fa.+ oo =Mg=>547TN. (21) andy axes,

By symmetry, the two large-signal vertical force components fa. = —f1-. (31)

fi. and f,, are equal for the suspension purpose. It is . )
arbitrarily chosen that together they carry half of the plater®!Ving (28)_(3}) for the force yields
weight. So, fiz

_ _ N To + Ty
fi.=fs. =Mg/4 (22) J2: _ 1 Te =Ty
_ _ n fa- 2L+ 04) | —Te — Ty
Then, f,, and f,, support the remaining half of the platen . _F 4
weight according to Jaz v
_ _ Tz + Ty

faz+ faz = Mg/2. (23) 7

22 —246m~t| =T v (32)

Let us use another equilibrium condition for torques around Tz J_r Ty
3 3 —Tx Ty

theY axis in Fig. 3. Since the moment arms ff., f,.. fs..
andf,. arev2(l,—1,), V2L, V2(l; - 1), V21, respectively, Thus, the allocation of direct components of current is using

— = = = 8
(Fro +Fadti—1) + Tl = Pl @8 @ ] o
f ve (21)~(24) for the f i NG
If we solve (21)—(24) for the force, i ;o5
(e1)~(24) 241 — 00889 AIN-m| 72T T | (33)
L[] e
Jis 2, — 1y 0.250 fad ety
fas 2L, + 1) 0.333 9 This completes the vertical force and current allocation with
7. = 1/4 Mg = 14950 | M9 (25)  the modal vertical force and torques.
?4z M 0.167 B. L | E All ;
20, 1 1) . Lateral orc? oF:atlon
where the platen center-of-mass offsets &re= 90.4 mm, The two reIat|onsh|p~)s forNthe Izi\teral force components are
l; = 113 mm, andi; + I; = 203 mm (8 in) is the distance fo=F1z + 32 (34)
bgtween the centers of twq adjgcent magnet arrays. 'Thus, fy _ ny + f4y. (35)
with the force—current relationship (8), the nominal direct
components of the current are We need to generate the modal torque around:thgis with
= the four lateral force components. We have freedom to achieve
11d 0.494 . . .
- this, and one choice is
tad | _ 0.658 A (26) ) )
£3d 0.494 ) T2 :f2yls - f4yll (36)
a0 0= fuals + fault (37)

SWe have eight force components as in Fig. 2 in the current magneti . . z P .
levitator. In fact, six independent force components are sufficient for 6-DO§0' we gen.eratez with f2y and f4y 9n|y In Ihe above
motion control. force allocation. The force component§,. and fs, do not
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participate in the torque generation. Thus, the motors in tfes] H. Goldstein, Classical Mechanics. Reading, MA: Addison-Wesley,

y direction will assume an additional task for small-angl
adjustment around the axis, which is also arbitrarily chosen.
Solving (34)—(37) for the force yields

Jill‘ = fzl
Joy | _ 1 fli A7
foz | L+l | fals
f4y f’yls — Tz B
0.113m f,
B _1|0113m f, + 7.
=493 m 0.0904 m . (38)

0.0904 m f, — 7.

Thus, the allocation of quadrature components of current“.

control of electromechanical systems.

Dr. Kim received the Grand Prize in the Korean Institute of Electrical
Engineers’ Student Paper Contest in 1988 and the Gold Prize for his doctoral
work from Samsung Electronics’ Humantech Thesis Prize in 1997.

using (8)
‘e 0.0201 AN f,
i2 | _ |0.0201 AIN f, +0.178 AIN-m 7, (39)
A 0.0161 AN f,
; 0.0161 AIN f, — 0.178 AIN-m 7.
4q

This completes the lateral force and current allocation with t
modal lateral forces and torque.
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