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A New Design of a Submicropositioner Utilizing
Electromagnetic Actuators and Flexure Mechanism

Mei-Yung Chen, Hsuan-Han Huang, and Shao-Kang Hung, Member, IEEE

Abstract—In this paper, a novel X Y -dimensional submicropo-
sitioner, including mechanism, control, and analysis, is success-
fully presented. The design of the submicropositioner utilizes a
monolithic parallel flexure mechanism with built-in electromag-
netic actuators and optical sensors to achieve the object of 3-DOF
precise motion. From the provided experimental results, there are
several main goals that have been achieved in this paper: 1) to
integrate the electromagnetic actuator and the parallel flexure
mechanism for planar positioning system; 2) to establish the math-
ematical modeling; 3) to develop an advanced adaptive sliding-
mode controller; and 4) to perform extensive experiments to test
the realistic performance.

Index Terms—Adaptive controller, electromagnetic actuator,
Fabry-Perot interferometer, modeling, motion control, optical
sensor, parallel flexure mechanism, precision positioner, sliding
mode controller (SMC).

NOMENCLATURE
B;,1=1,2,3,4 Magnetic flux density through each con-
ducting wire.
i;,,1=1,2,3,4 Current carried on the conducting wires.
di,1=1,2,3,4 Distances from the center of the platen to
the center of the actuators.
fair1=1,2,3,4 Elastic forces.

ley fr27 fySv fy4

Force actuated by the nth actuator in
X -axis or Y -axis.

T1, X2, Y3, Y4 Displacements of each magnet.

L Edge length of the coil.

fact Actuated force.

Ky Current—force constant.

w? = [f¢ f¢ 79T Total forces and torque on the platen.
Sfinax Actuator maximum force.

M, T Mass and inertia of the platen.

bz, by, be Damping constants.

ky, ky Modulus of elasticity.
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I. INTRODUCTION

IGH-PRECISION positioning technology is essential in

various advanced applications. One whole positioning
system consists of a moving platform, an actuating system, and
a measuring system as feedback. In each part, there are many
kinds of solutions to implement. In macro application, a com-
mon method of positioning is through the use of the leadscrew
[1]-[4]. Despite the features of high stiffness, thrust, and speed,
leadscrews suffer from lost motion, stick slip, and windup. The
dry friction has been neglected in macro motion, but it is one of
the most important factors limiting the performance in the pre-
cision positioning application. Therefore, to prevent the prob-
lem of such dry friction and backlash, regardless of the size of
the traveling range, there are four common types of mechanisms
used: inchwormlike-clamping, inertial sliding/walking, flex-
ure, and levitated mechanisms. In the inchwormlike-clamping
mechanism, numerous designs of inchworm motors have been
suggested in [5]. Piezoelectric inchworm precision positioners
are also widely discussed in [6]. For the sliding/walking mech-
anism, the multiaxis positioning device has been developed [7].
The third type of mechanisms uses suspension to levitate the
moving platform. Due to its noncontact characteristics, it is also
commonly used to prevent dry friction. Air-levitated [8] and
magnetic-levitated [9], [10] mechanisms have been proposed.
The fourth type of mechanisms is based on the elastic deforma-
tion of material, the so-called flexure hinge mechanism. Preci-
sion mechanisms use flexures as replacement for conventional
hinges to prevent problems with friction. Furthermore, in some
cases, long-range single-degree-of-freedom flexure stages have
been designed [11]-[15], but large-range XY -flexure stages are
relatively scarce in the current technical literature.

In the precision positioning field, most of the current high-
precision positioning devices utilize piezoelectric materials for
actuation. The crystal lattices of the piezoelectric material
deform when subjected to an electric field. Several advan-
tages of these actuators are repeatable submicrometer mo-
tion, no backlash, no wear and tear suffered, fast response
time, etc. [16]-[18]. Commercial products, such as miniature
piezopositioners and scanners [19], are manufactured by Physik
Instrumente. However, its scan range is only 80 pm. The main
disadvantage of a piezoelectric actuator is shorter travel range.
There is generally a tradeoff between high-resolution position-
ing and larger range positioning. To enlarge the travel range,
the electromagnetic actuation has been currently applied in the
precision field [20]-[22]. In particular, the magnetic actuator
technique with no mechanical contact is typically adopted in
high-precision machinery [23]-[30]. Based on this technique,
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Fig. 1. Exploded view of the positioner.

some XY stages [31], [32] were designed by dual-axis struc-
tures. The most serious ones are the lack of sufficient robustness
and excessive power consumption. In order to eliminate these
problems and to design a precision positioner with larger travel
range to improve the commercial feasibility of the emerging
technologies, a novel 3-DOF positioning system using the
single-layer structure will be presented in this paper.

Above all, a compact precision positioning (submicrometer-
level) and larger travel range (millimeter-level) positioner is
the goal of this paper. This paper concerns the integration
of the parallel flexure mechanism and electromagnetic drives
with optical sensors serving as feedback sensors to achieve a
high-precision positioner. Moreover, the stabilizing controller
to be developed should be robust enough to tolerate these
inevitable uncertainties and unmodeled dynamics. One of the
methodology fields is named as adaptive sliding-mode con-
troller (ASMC), which can perform online system identification
implicitly or explicitly while tuning the controller gains to
guarantee the stability of the closed-loop system [33]-[37].

II. SYSTEM DESCRIPTION AND MODELING
OF THE SUBMICROPOSITIONER

The positioner, shown in an exploded view in Fig. 1, includes
the stator, XY -flexure stage, and four sets of electromagnetic
actuators. Each actuator is assembled by one coil and two
permanent magnets. The magnets of the actuator are mounted
on the moving part of the XY flexure, and the coils are mounted
on the stator. The air gap between the magnet and the coil is
50 pum. By this way of mounting, we can make the moving part
wireless and prevent the friction generated when it moves.

The principle of the actuator is based on the voice coil
motor (VCM) [38]-[40]. One set of actuators can generate a
linear motion in one dimension. The detailed working principle
of the VCM will be described in Section II-A. The guiding
mechanism of the XY flexure is shown in Fig. 2. By installing
four sets of these actuators orthogonal to each other, we can
achieve both translation along the X - and Y -axes and rotation
around the #-axis of the moving part. In this paper, we choose a
fiber Fabry—Perot interferometer as the measurement sensor due
to its low cost [41]. The maximum translations in the X - and

Fig. 2. Four sets of electromagnetic actuators and flexure mechanism.

Y -axes are +0.5 mm, and the maximum rotation in #-axis is 5°,
which is constrained by the XY -flexure mechanism configura-
tions and the effective measurement range of the sensors.

A block diagram of the system is shown in Fig. 3. We can
divide the system into two parts, hardware and software. There
are several hardware blocks required. Now, we will model
the electromagnetic actuators and the XY -flexure-mechanism
dynamics based on Newton’s motion law. There are also three
software blocks. The measurement transformation is used to
transform the measured signals into the real posture of the
platen. The controller computes a wrench w? = [fx fy 7]T
command to be generated by the actuators based on the desired
trajectory and the real posture of the positioner. The force
allocation block is needed to handle the redundancy of the force
generation F' = [fy1 fao fin fyg}T, as four actuators are used
to generate a 3 X 1 wrench. In the following, we will discuss
each block.

A. Analysis of Magnetic-Force Characteristics

The electromagnetic actuator used is a VCM, which is a
particular type of motor that provides linear motion. A VCM is
used as the basic drive mechanism for faster and higher preci-
sion. Before starting the modeling process, several assumptions
must be made for the purpose of simplification.

1) Referring to a coil design, the N-turn wires of the coils
that are distributed over the cross section of each track are
lumped as an equivalent single wire whose cross section
is located at the center of that of the N-turn wires.

2) Each permanent magnet is viewed as a single turn of
current-carrying wire wound around the side surface of
the magnet.

3) The tracks are long enough with respect to the travel
range of the moving part so that all the coils are only
subject to uniform magnetic fields.

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

5) The magnetic forces and torques between the magnets
and coils can be linearized about the displacements in the
X - and Y -directions.

In assumption 1), the force and torque characteristics of the
lumped and the original models are not identical but are very
similar [10]. In assumption 2), the volume current density of
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Fig. 5. Conceptual diagram of the electromagnetic actuator.

Fig. 4. Analysis of the magnetic force.

the permanent magnet is zero if it is uniformly magnetized;
hence, only a surface current exists. Following assumption 1),
assumption 2) is indirectly implied. Assumption 3) allows the
magnetic field to be simply described by (1). Assumption 4)
makes it feasible to employ and derive the nonlinear interaction
forces and torques in this system. Finally, assumption 5) is
reasonable when the mechanical structure is well designed.

Now, the force generated by the electromagnetic actuators
will be analyzed. The Lorentz force principle expresses that,
if a current-carrying conductor is placed in a magnetic field,
a force will act upon it, which is proportional to the current
and the magnetic flux density. Based on the assumptions, from
Fig. 4, we can use one turn coil into four parts, i.e., Cy, Cs, Cs,
and Cy, and define By, By, B3, and B, as the magnetic flux
density through each conducting wire. When the magnets are
arranged in this way, only the two conducting wires C; and C's
have magnetic field acting on them. Therefore, By and By can
be assumed as zero. While the coil has N turns, the magnetic
force of this actuator can be defined as

f=far

C

zj{idle

C

= \%Zdll X Bl + %Zdlg X B2 + %Zdlg X B3+ fldhl X B4
¢ C2 c3 C4
=1LB+0+4+:LB+0

=2iLB (1)

where B is defined as B = By = B3 = Bagnet, © 1s a current
carried on the conducting wires, and L is the edge length of the
coil. If the coil has NV turns, the force is

fact =2NLBi = Kji )

where f,.; means the actuated force and K is defined as the
force constant.

For empirical justification, the magnetic force acting on the
permanent magnet fixed beneath the moving part is shown in
Fig. 5. Based on the magnetic-force analysis, Fig. 5 shows
a conceptual diagram of a VCM. The VCM consists of two
permanent magnets and one electromagnetic coil. The two
permanent magnets are set in opposing directions to generate
opposing magnetic fields émagneh which, through the Lorentz
force principle, create a force relative to the coil. Similar to the
VCM principle, as the current flows through the coil along the
counterclockwise direction, these permanent magnets will be
forced to move to the left side. However, if the current flows
along the clockwise direction, the permanent magnets will be
forced to move to the right side. Therefore, using one set of
this electromagnetic actuator, we can generate a single degree-
of-freedom motion under a magnetic force F. Since the two
magnetic fields are in opposite directions, as are the currents
through the opposite sides of the coil, where the magnetic fields
interact with the current, the magnetic forces F on each side
of the coil are in the same direction, i.e., the magnetic-force
magnitude is twice as much as that obtained by a setup with
one magnet and one coil.

The force relations between the actuators and platen are
shown in Fig. 6. We define f1, fz2, fy3, and fy4 as the forces
actuated by the nth actuator in the X- or Y -axis, respectively,
and w? = [f¢ f& 79T means that the force and torque are
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Fig. 6. Force relation between the actuators and platen.

really actuated in the center of mass. Therefore, the force
kinematics is given by

fé 1 1 0 o7l
fil=10 0o 1 1 ?i 3)
74 —dy dy —d3 dy !

fy4

where d;, i = 1, 2, 3, and 4, denotes the distances from the
center of the platen to the center of the actuators, as shown
in Fig. 6.

However, every electromagnetic actuator has its limit to
prevent the high generating power. Therefore, the saturation
of the actuated force is determined by its maximum current
fmax = K1imax-. If each of the four actuators can generate up to
a maximum force fi,.x, then the wrench saturation constraints
for the actuators are

14| €2fmax ¥ < 2fmax

‘Td‘ §4fmaxdma dm = maX(dlad27d37d4)- (4)

Due to the redundancy of the force generation, there are
infinite solutions to satisfy these constraints. However, here, we
choose the solution

_dy 0 __1
f:z:l d1+ds d1+ds J
f dy O 1 x
z2 _ di+ds d1+ds d (5)

fy3 0 dy - ’

d3+dy dz+dy +d

d 1

fy4 0 dedAL dz+dy

B. Dynamic Formulation

To develop the general model of this positioner, the coordi-
nate is as defined in the previous section. Its origin is defined
as the initial position of the positioner. The force relations are
shown in Fig. 6. Here, we assume that the parallel flexure
mechanism is a spring—mass damper system. Due to the sym-
metry of the flexure, the dynamics in the X- and Y'-axes can
be decoupled. Moreover, we also regard the hysteresis effect
and thermal drift as the disturbances. By Newton’s Law, the

equations of the total forces and torques exerted on the platen
can be expressed in the following:

D Fu i Mi = for + fon — 2far — 2fan — 4byit
> Fy: Mij = fys+ fya — 2fas — 2fas — 4byj
> 791 10 = (—far + 2far)dr + (fa2 — 2faz)d
+ (= fyz + 2fas)ds
+ (fya — 2faa)da — b (6)

where M and I are the mass and inertia of the platen and b,,
by, and by are the damping constants.

On the other hand, the expressions of the displacements of
the magnets z1, x2, y3, and y, are as follows:

T, =2 —disinf xy =x+ dysinf
ys =y —dzsind yy =y+dysin. (7

Since 0 is a small angle of rotation, so that we may replace
sin @ by 6, the expressions of the four forces from the flexure
mechanism can be obtained

far =ke(x — d16)
Jaz = ky(y — ds0)

fdg = ]{195(56 + d20)
Jas = ky(y + dub) (®)

where k;, and k, are the moduli of elasticity, whereas the
actuated forces of each actuator are

fmn :KI in7
fyn =Kr In,

n=172
n=3,4 )

where i1, 1o, 73, and 74 are the driven currents of each coil.
Through the arrangement, we can get the following:

oAby Ak, 2k.(dy—do),  kr,.
$+ﬁ$+ﬁI—T9—M(Zl+12)
L Ab, . 4k, 2k,(dy—di), kr,.
Uy Ry 7 G—M(23+Z4)
@+%9+2%0ﬁ+d@+2@0ﬁ+d39

I I

__2k$(d147d2)x<_ 2k, (ds — dy)

I I
_ ki

(dyiy —daia + dsiz—dyis). (10)

1

Now, let the states be z, &, ¥y, 9, 6, and 6 and the outputs be z,
y, and 6. Then, rearrange the aforementioned equations into the
state-space form as

X =AX + BU

Y =CX (11)
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where
. . 0T
X=[z = y gy 6 0]
Y=[z y 60"
U=1lir iy iz ia]"
0 1 0 0 0 0
Azo Qg1 0 0 Qg2 0
i 0 0 0 1 0 0
o 0 0 Qyo Ayl Gy2 0
0 0 0 0 0 1
ago 0 agr 0 agx ags
—4k, —4b,,
Ag0 = M y Qg1 = M
2k, (dy — da) —4k
Ay = Vi ; Ayo = Ty
—4b 2k, (ds — dy)
ay1 = My; Qo = ZIT
= 2l ) 2k (dy —dy)
00 7 s Aol 7
—2k, (df — d3) — 2k, (di — df)
ag2 =
I
P
03 = —7
r 0 0 0 0
Gk 0 o
~ 0 0 0 0
B = k k
o0 & 4
0 0 0 0
—kjdl k1d2 —k[d;’, k1d4
- T T 1
B 1 0 00 0 O
C=10 01 0 0 O
1000 0 10

III. CONTROLLER DESIGN

In the modeling process, we have made some assumptions
that will lead to some modeling errors. Moreover, an elec-
tromagnetic system also meets parameter variations such as
magnetization drifting and air-gap coupling that need to be
effectively suppressed for precision motion control. There-
fore, the stabilizing controller developed here should be robust
enough to tolerate these inherent uncertainties.

So far, there are several available control methodologies to
overcome modeling uncertainties and to reject external distur-
bances, particularly in the field of robust controllers, including
H™ control, linear—quadratic—Gaussian control, sliding mode
control, fuzzy control, backstepping control, and so on. These
controller gains are mostly fixed and designed according to the
nominal model. Based on one of such robust control schemes,
the resulting controller is sufficiently robust to the modeling
uncertainty. However, there also exist some drawbacks; for
example, this controller will probably fail if the changes of
the plant’s dynamics behavior exceed the controller’s tolerance.
In this paper, to attain the capability of online gain tuning as
well as robustness [42], we intend to combine the adaptive
and robust controllers [43]. Hence, we propose an ASMC in
this paper.

Referring to the plant model of (11), we impose a special case
which requires that the rotation angle # must be held zero when
the platen is actuated. Therefore, the torque must equal zero all
the time, and the actuated forces should satisfy the following:
fe1 = fo2 and fy1 = fyo. However, we fail to have a perfect
assembly of the actuator and mechanism; therefore, we add
one rotational control effort 1y to compensate the assembling
errors. Therefore, the plant’s model can be rewritten as follows:

T+ ap1® + agor =2K,u,
ij + a’yly + ay0lYy = 2Kuuy

0+ ag0 + agol = uy. (12)

Therefore, the distribution of the control efforts can be assigned
as follows:

Uy =Ugp +Up U2 = Uy

U3 =Uy — Uy Ugy = Uy. (13)
In the following, define the state va}riables T =, Ty =T,
y1=19, Y2 =19, 01 =0, and 6, = 6. Moreover, the desired
position command is defined as z14, Y14, and 614. Then, the
system dynamics can be transformed into error coordinates
using the relations Ty =21 — X1d, T2 = Ta — T2d, Y1 = Y1 —
Y1d> Y2 = Y2 — Y2d> 01 = 01 — 014, and O = 03 — 4. Use the
compact notations £ = [ § 0] and Xy = [214 y14 614]". The
error equation can be defined as follows:

E=AX +BU - X, (14)
where

X=[z1 22 w1 v 6 6]

T
U=luy uy, ug]

_amo Qg1 0 0 Ag2 0

A= 0 0 Ayo Ayl Ay2 0
Lago O apn 0  ape ags
2k ky

B 2 iy

_ 2kp ki
B = 0 M M

—ki(di—ds)  —ki(dz—ds)  kr(da+da)
o I I I

From the system matrix A, it is obvious that, if d; is exactly
equal to ds, then = and 6 are decoupled. Similarly, if ds is
exactly equal to dy, then y and 6 are also decoupled. Here, we
can see it as three single-input single-output systems. Neverthe-
less, we have made some assumptions for the simplification of
the system plant’s development, and hence, those assumptions
may result in some inaccuracies of the plant model. Thus,
disturbance terms need to be added into the plant model. Then,
the uncertainty term can be divided into two parts, i.e., one is
a constant uncertainty We,,st and the other one is a varying
uncertainty W,,,. Therefore, (14) can be expressed as

E = AX+BU_Xd+Wconst+anr (15)

and the varying uncertainty is bounded and satisfies |[Wya,|| <
Waax.
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A. Controller Design

Assume a sliding surface S with the following form:

S=F+AE (16)
where A = diag[A; A2 As] is designed as a positive diagonal
matrix. We try to regulate state error F to zero which simulta-
neously regulates the derivative of E to zero. Due to this reason,
if it can be proven that the sliding surface tends to zero within
finite time, then E and E are also forced to zero exponentially.
To relate the sliding surface to the dynamics of motion, the time
derivative of the sliding surface can be found out
S=FE+AE. (17)
As described in the previous section, an adaptive controller is
applied in this paper, which is capable of estimating parameters
of the system online while controlling the system simultane-
ously. After we have the estimates of the system parameters,
(17) with these estimates in the control command can be used.
Therefore, we substitute the estimates acquired from the online
estimator and derive the control command as

Uss =B /(-AX + Xy~ AB~Wegn ~ K5~ Nsat(5))  (18)

whqre K EAdiag[kl ko k3} Vk; >0, N = diag[m P 773] Vn; >
0, B and W onst are the estimated values of B and W onst,
respectively, and sat(-) is the saturation function

1 S>¢
sat(9) = { % ife >8> —¢ (19)
-1 S<—-¢
where ¢ is the width of the boundary layer. Substituting (18)
into (16), we can obtain

b= AX+B[ (AX+Xd AE

Weonst —KS—Nsat(S))]

- Xd + Wconst + anr
_AX+(B+B)[ ( AX+ Xy AE

Woeonst —KS—Nsat(S))}

- Xd + Wconst + anr

= BUps—AE—KS—Nsat(S)+Weonst + Wear  (20)

where the estimation errors are defined as B = B — B and
Wconst Weonst — Wconst By applying appropriate gains K,
N, and A, we can accelerate the convergence and force the
system states to zero in a shorter period of time.

B. Stability Analysis

Define a Lyapunov function candidate V', which is a positive
definite function

V= %STS + %t (BTFl 1B) + tr (ngtfg 1Wconst)
(21)

where I'; " and T'; ! are all positive diagonal matrices. First, the
time derivative of the Lyapunov candidate function V' can be
found out as

V=ST%+ tr (BTF;lé) +tr (Wgnbtr 1wcon3t) .2
As described in (17)—(21), (23) can be expressed as
V=—8TKS—ST (Nsat(S)—Wuya)+STBUasg

+ STWCODSt +tr (BTI‘I1§> +tr (WT

const

V).
(23)

In order to further manipulate (23) we can rewrite the third
and fourth terms on the right-hand side of (23) as

STBUNg = ((STB)T>T Uas = tr {(STB)TUES]

=tr (BTSU;\FS)

S Weons = tr (WS (24)
Hence, by rearranging (23), we can get the following:
V=—8STKS— ST (Nsat(S) — Waar)
+tr [BT ('8 + sU)|
+tr [Wmmt <F2 W eonst -+ S)] . (25)
Now, the adaptive laws are designed in the following:
B=—B=T,8U% (26)
I/i/const = - VIL/COI}St = FQS (27)

In order to maintain stability and to prevent saturation of the
control effort, B must be bounded away from zero in (18).
One method to avoid B going through zero is to modify the
adaptive law using a projection method. Such a modification
does not affect the convergence of B and is achieved by using
prior knowledge of B, such that B > B(tg), where B(tg) is
defined as the lower bound. Applying the projection method to
the adaptive law, we obtain

Bt) = {FlsUj{S if B(t) > Blto)

. (28)
0 otherwise.

At the initial time, B(to) is chosen so that B(to) > B(to).
Substitute adaptive and projection laws into (26), and then
V=—STKS— ST (Nsat(S) — Wyar)
+tr {BT (07! (~TySULS) + SU;{S)}
+tr |:Wconst (T3 (~T28) + S)}

= — STKS — ST (Nsat(S) — Wyar) (29)

because K is a positive diagonal matrix and the norm of
matrix NV is designed to be larger than the upper bound of
the varying uncertainty Wo,,, i.e., var|, and thus,
they are commutable in deriving the inequality. Equation (29)
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TABLE 1
SPECIFICATIONS OF SETUP
CPU Pentium IV 2.4 GHz
Operating System Windows XP

Controller language
D/A &A/D card
Power Amplifier

Matlab Real-Time Target Ver.2.5.1
NI 6733 (16 bits), NI 6034E (16 bits)
ADP-055-18 (Copley)

1. ZAW-V (Omron)
2. homemade fiber interferometer

Measurement system

Coil 360 turns, d=0.3mm, 50x50x10 mm?>
Permanent magnet | NdfeB, 50x10x3 mm?>
Positioner dimension | 100x100x30 mm?>

also implies that the equilibriums B = B and Weonst = Weonst
of the respective equations are uniformly bounded. Using the
arguments similar to Barbalat’s Lemma, we establish that S €
Ly, 8 € Lo, and |S(t)| — 0. Furthermore, if the persistence of
excitation holds, then HBH — 0 and HWCOHStH — 0ast — oo.

Due to the convergence to zero of S, it can be readily
verified that I converges to zero asymptotically. In other words,
state variables and their time derivatives all converge to zero
eventually, which is the goal of designing the controller for this
system.

IV. EXPERIMENTAL RESULTS

The experimental hardware, including the main body, sen-
sor system, driver system, and controller hardware will be
described here (Table I). A number of experimental results,
including the regulation, step test, and sinusoidal motion track-
ing will also be provided in this section to demonstrate the
performance of this system with the ASMC.

A. Experimental Hardware

To make the positioner compact and to utilize the advantages
of monolithic construction, the flexure mechanism stage was
manufactured by using precision wire electrical discharge ma-
chining. For the reason of avoiding the electromagnetic inter-
ference effects, the requirement of larger travel range, and high
resolution, the optical sensor and homemade fiber interferome-
ter are therefore chosen in this experiment, which can test and
verify the different situations of moving range. Due to the bud-
get, first, we use the Z4W-V optical sensor, manufactured by
OMRON, Japan, with 10-kHz sampling frequency, 8-mm active
range, 5° maximum angular vision range, and 5-pm accuracy
to verify the fast response ability of the positioner. Second, the
homemade fiber interferometers are used to demonstrate the
resolution to submicrometric. Its active range is up to 1 mm,
and the accuracy is of £165 nm. However, its limitation is the
maximum velocity and sampling frequency. Due to the limita-
tion of the bandwidth of the fiber interferometer, the maximum
velocity of the system is held at 100 pum/s. The whole hardware
of the compact positioner is shown in Fig. 7. The figure shows
that three homemade fiber interferometers are mounted on the
positioner and three commercial optical sensors are placed on
the symmetric positions, which are opposite to the fiber inter-
ferometers. The power driver type is an ADP-055-18 torque
amplifier which is manufactured by Copley Controls Corpora-

Fiber Inter- [#
| ferometer

Fig. 7. Experimental device of the positioner.

tion in the U.S. They are linear drivers designed to be servo
drivers for dc motors. The continuous output power is 0.33 W
with an input voltage of 20-55 V. The current microcomputer
is an IBM PC with a Pentium IV microprocessor inside. The
clock rate is 2.4 GHz which allows this research to accomplish
a real-time control implementation. The type of analog—digital
converter is a 16-b high-resolution data acquisition adapter (NI
6034E), and the type of digital-analog converter is altogether
six converting channels with 16-b resolution each (NI 6733).
Based on the experimental results, a sampling time between 0.1
and 0.05 ms leads to a better behavior of this system.

B. System Performance

1) Transient Response With Largest Displacement: In order
to test the large moving range (millimeter-level) capability of
this system, we execute the X -axis positioning motion and let
the other two states be regulated to zero, i.e., we set the control
goal as to eventually converge these configuration states to the
pointatz = 0.5 mm, y = 0 mm, and 6§ = 0°. We set the desired
trajectory to be represented by a black thin line, and the actual
trajectory for the SMC is represented by a gray dotted line and
that for the ASMC is represented by a black bold line. First, we
set the (SMC) parameters A = diag[5 4.5 2.3], and then, the
configuration states converge to the set point. From Fig. 8, the
configuration states in the X -axis can converge to the desired
points within 0.9 s. Moreover, this figure reveals that the instant
motion on the XY plane will have great influences on the
other two states that are not acceptable in most applications.
In other words, the robustness of this proposed SMC is not
sufficient, and thus, the ASMC is expected to overcome this
shortcoming. For the ASMC, the configuration states in the
X-axis can converge to the desired points in 0.25 s, and the
other two states in the Y- and Zy-axes become stable in 0.3 s.
Due to the property of higher robustness that the ASMC
possesses, the coupling influences existing on the other two
configuration states, namely, y and €, become dramatically
small and within acceptable ranges. The steady-state error is
below +5 pm which is satisfactory for a commercial optical
Sensor.

2) Tracking Response: A step-train motion is one of the
most common operations of the positioning systems in indus-
tries. For the purpose of maintaining the high-quality process-
ing of the material pieces, ICs, or products, this kind of motion
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Fig. 9. Step-train response in the X -axis.

is extraordinarily important. Therefore, in order to validate the
feasibility in practical applications, a subsequent step-response
experiment, with each step equal to 50 ym and moving toward
4+0.4 mm, has been conducted. The experimental result, as
shown in Fig. 9, demonstrates this satisfactorily. From this
figure, SMC and ASMC can similarly achieve the transient
time within 0.05 s and the final steady-state errors within the
resolution level of the detecting sensors.

time (sec)

To illustrate the tracking capability for the proposed posi-
tioner, we will present the experimental results of the sinusoidal
motion with the amplitude equal to £0.2 mm at the lower fre-
quency of 0.25 Hz and higher frequency of 2 Hz, respectively.
Fig. 10 shows the fine tracking ability on the XY plane. For
ASMC, the rms of the tracking error is 5.9 pm, and the time
lag is very small, but for the SMC, the rms of tracking error is
7.5 pm, and the time lag is existed. As we continue to increase
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Fig. 11. Circling motion at 0.5 Hz.

the frequency of the desired motion to 2 Hz, the experiment
remains satisfactory of ASMC, as shown in Fig. 10, but for the
SMC, the tracking error and time lag are lager than the slower
frequency. The other way to show the tracking and contouring
capability is to profile a desired circle. The experimental results
of this circling motion with radius equal to +0.2 mm at a fre-
quency of 0.25 Hz is shown in Fig. 11. It shows the fine tracking
ability on the XY plane. For the SMC, the trajectory has chat-
tering along the desired circle. For the ASMC, the trajectory tra-
versed by the platen almost perfectly overlaps the desired circle.
The rms value of contour error for the ASMC is 20.675 um.
Next, we use the homemade fiber interferometer as sensor
to feedback the positioning information. In the following, we
make a series of regulation motion from 5 to 100 pm, as

0 0.05 0.1
X-displacement (mm)

shown in Fig. 12, and the steady-state error can be achieved
at £165 nm. Based on the experimental results, satisfactory
performance including stiffness and high resolution has been
achieved by ASMC. This validates the design of the system
hardware and demonstrates the feasibility of the developed
controller.

V. CONCLUSION

In this paper, we have integrated an XY -axis flexure mech-
anism and electromagnetic actuators into a novel 3-DOF sub-
micropositioner with larger travel range. The dynamics of the
positioner has been thoroughly analyzed, and then, a complete
model has also been derived. An adaptive SMC has been
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Fig. 12. Regulation motion from 5 to 100 pm.

designed here and implemented using a microcomputer. In the
experimental results, the proposed ASMC, which can perform
online system identification implicitly or explicitly while tuning
the controller gains, can really guarantee the stability, regula-
tion, and tracking of the closed-loop system. At the same time,
the good performance can reveal that the three objectives, i.e.,
larger travel range, precision positioning, and more compact
structure, are achieved.
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