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A microfabricated electromagnetic linear synchronous motor
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Abstract

A miniature linear synchronous motor was designed, fabricated and tested. Actuation was achieved through interaction of traveling magnetic
wave, generated by linear array of microcoils on the stator, and permanent magnets on the rotor. Two configurations of the motor were
investigated. One with a single hand-assembled permanent magnet on rotor and corresponding array of multiturn microcoils; the other, a
fully microfabricated rotor with embedded array of screenprinted permanent magnets and a linear array of serpentine microcoils on the stator.
Motion of the rotor was constrained by dovetail microjoints. A numerical model was developed for modeling and dynamic control. The motor
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as tested under various operating conditions with both open- and closed-loop control. The motors showed reliable translation
ravel with accuracy limited by the feedback system.

2005 Elsevier B.V. All rights reserved.
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. Introduction

An unquenchable interest in long-range microactuators is
ueled by critical microinstrument applications, such as opti-
al positioning[1], robotics[2], surgery[3], etc. These appli-
ations not only demand the precision translation inherently
ound in microfabricated systems, but also require extended
ctuation distances of millimeters to centimetres—a require-
ent not normally associated with microsytems. Several

ypes of long-range microactuation mechanisms have been
eported, each showing varying degrees of success: piezo-
lectric [4,5], electrostatic[6], and electromagnetic[7–9].
owever, both electrostatic and piezoelectric actuators re-
uire complex mechanisms to parley their inherently short-
ange actuation mechanisms into long-range translation.

Linear electromagnetic actuators, on the other hand, are in-
erently long-range devices due to extended electromagnetic
elds and should serve well as a transduction mechanism for
ong-range actuators. Additionally, electromagnetic actua-
ors utilizing permanent magnets on the motive components

∗

eliminate the need for electrical connections to moving c
ponents, and thereby reduce complexity. A diverse numb
magnetic actuators for various special applications have
demonstrated using electroplated soft magnetic mat
such as FeNi[10], commercial permanent magnets[7–9,11],
electroplated CoNiMnP permanent magnets[12], or screen
printed polymer magnets[13]. Additionally, long-range lin
ear magnetic actuators utilizing relatively large comme
permanent magnets[7–9,14] have also been demonstrat
as well as proposed methods to integrate magnetic co
nents into the microfabrication arena using electroplate
screen plated permanent magnets[12,13,15]. However, to
date, none of these techniques have been applied to a
microfabricated long-range linear translation actuator.

This paper presents a miniature three-phase linear
chronous motor, LSM, predicated upon a derivation of
more familiar macro magnetic levitation, i.e. (MagLev) tra
[16]. Two miniature linear synchronous motor designs
presented and characterized. Moving components of
motors are made passive using permanent magnets, to
the performance and fabrication specifications for the a
cations stated above. To analyze the performance of
Corresponding author. Tel.: +1 207 5812269.
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sented. To further improve the positioning performance of
both LSMs, a feedback controller was implemented to com-
pensate for frictional forces and non-linear LSM dynamics.

2. LSM concept of operation and motors layout

Linear synchronous motors, LSMs, are simply electro-
magnetic motors used for linear rather than rotary motion.
Several different LSM variants exist with most of them rely-
ing on the interaction between a magnet, permanent or elec-
tromagnetic on a rotor, and a traveling electromagnetic wave
produced by stator. In a typical three-phase LSM operation,
three arrays of coils on the stator excite a phased spatial dis-
tribution of electromagnetic fields that propagates along the
length of the stator. The permanent magnet on the rotor, the
translational stage in this case, essentially follows the trav-
eling wave by mutual interaction between the two magnetic
fields.

In this paper, two miniature LSM designs were fabricated
as shown inFig. 1. Both LSM designs employ dovetail mi-
crojoints for low runout translation[17], permanent magnets
on the rotor, and a three-phase microcoil array on the stator.
However, in the LSM1 design, the stator is composed of a lin-
ear array of multiturn microcoils and the rotor uses a single,
high-field NdFeB permanent magnet; while in the LSM2 de-
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Table 1
Design data of LSM

Specification data LSM1 LSM2

Coil type Multiturn Serpentine
Microcoil pole pitchτ (mm) 11.7 1.95
Number of turns per coil 6 1
Track length (mm) 60 60
Single-current conductor width (�m) 300 300
Distance between each conductor (�m) 325 325
Permanent magnet type “Button”

NdFeB
Screen printed
NdFeB paste

PM magnetization (A/m) 6.4× 105 1.4× 105

Magnet length/width/height (mm) 6/6/4 0.8/2.5/0.35
Number of magnets in array 1 6
Distance between coils and magnetsd

(�m)
900 50–100

the period of permanent magnets fabricated into the rotor of
LSM2. Table 1provides a list of the key parameters for both
LSM1 and LSM2 designs.

3. Fabrication

Both LSM designs were fabricated as three separate com-
ponents and later assembled into the finished actuator. The
three components are labeled inFig. 1as: (1) substrate which
houses the dovetail tracks and provides a platform for the
facile assembly of the LSM; (2) stator or electromagnetic
microcoil array; and (3) rotor translational microstage, with
button magnet or integrated permanent magnets for the two
LSM designs.

3.1. Substrate fabrication

The LSM substrate was fabricated as a three-wafer silicon
stack (Fig. 2). The substrate provides support and alignment
for the microcoil array, as well as provides dovetail bearing

F ride
i rs are
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a nded
t e.
ign, the stator is composed of a serpentine microcoil a
hile the rotor provides a matching integrated perma
agnet array. Preliminary work on LSM1 design has b

eported previously[18]. It consists of a linear array of si
urn microcoils for the stator and a large button perma
agnet manually attached to the rotor. Although initial t

ng of LSM1 generated large translational forces, the l
ermanent magnet did not provide a convenient mecha

o scale the LSM. Therefore, another more integrated L
esign, LSM2 was introduced. The stator for the LSM2
three-phase array of serpentine planar coils that ma

ig. 1. Micro LSM assembly. LSM1 (left) shows a simple design u
single permanent “button” magnet and an array of multiturn microc

SM2 (right) shows a more integrated version with integrated perma
agnets and a serpentine microcoil array.
ig. 2. Process flow for substrate fabrication: (a) LPCVD silicon nit
s deposited and patterned on two separate silicon wafers; (b) wafe
nisotropically etched in KOH to form dovetail joint (left) and microc
rray slot (right); (c) wafer I, wafer II, and a handle wafer are fusion bo

ogether; (d) completed substrate is covered with LPCVD silicon nitrid
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Fig. 3. Process flow of microcoil fabrication: (a) copper seed layer is de-
posited, photoresist is applied and photopatterned; (b) copper is electro-
plated, photoresisted and seed layer are removed; (c) polyimide is applied
and patterned, seed layer for second metalization layer is deposited; (d) cross-
section of fabricated microcoil with two metalization layers and crossovers.

surfaces for the rotor translation. As shown inFig. 2(a), sil-
icon wafers I and II were covered with a 120 nm LPCVD
silicon nitride etch mask that is patterned using conventional
photolithography and RIE etching. The wafers were then
anisotropically etched in 45% KOH at 60◦C (Fig. 2(b)). Mask
alignment to either the (1 1 0) or (1 0 0) planes, respectively,
creates the familiar 54.4◦ side walls of wafer I or the vertical
side walls of wafer II. wafers I and II were aligned and fu-
sion bonded with a silicon handle wafer at 1100◦C in O2 for
2 h (Fig. 2(c)). The entire wafer stack is then coated with a
120 nm LPCVD silicon nitride film.Fig. 2(d) shows the final
assembly.

3.2. Stator and microcoil fabrication

The stator and microcoil arrays were fabricated on a sep-
arate silicon wafer using a multi-level metallization process.
Microcoil fabrication started with an e-beam evaporation of
10 nm titanium/100 nm copper seed layer on top of a 200 nm
silicon oxide coated silicon wafer (Fig. 3(a)). A 10�m thick
layer of photoresist AZ4620 (Hoechst-Celanese) was pho-
tolithographically patterned creating the mold for electrode-
position of the first metal layer. The wafer was then immersed
in a Cu plating bath, Technic Inc. “Cupper-U”, and copper
electroplated at a constant current of 25 mA/cm2 to a thick-
n t was
t ip in
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p ium
a
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t
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f

and a second Cu metallization was fabricated by repetition of
steps 3(a) and 3(b). The cross sectional diagram of the final
microcoil array structure complete with two-layer Cu metal-
lization is shown inFig. 3(d). This basic fabrication process
was used for both the multiturn microcoils and the serpen-
tine microcoil geometries. Shown inFig. 4 are plan view
photographs of completed three-phase microcoil arrays: (1)
multiturn microcoils; (2) Serpentine microcoils; and (3) com-
plete microcoil array diced into a strip for insertion into the
substrate slot. Bonding pads are shown at the ends of the strip
for electrical connection to the microcoils. Fabricated micro-
coils had a typical resistance of 2.8–3� for the serpentine
configuration and 6–8� for the multiturn configuration.

3.3. Rotor fabrication

For both LSM configurations, the rotor utilizes a dove-
tail microjoint to precisely constrain motion and provide low
runout. For LSM1, the rotor followed the same fabrication
procedures given in reference[17]. After rotor fabrication, a
6 mm diameter NdFeB “button” magnet was adhesively at-
tached to the top of the rotor.

The dovetail fabrication process for LSM2 rotor followed
a similar process to the LSM1 rotor, but was modified slightly
to provide integration of a permanent magnet array in the bot-
tom of the rotor. The LSM2 rotor fabrication process is shown
i p-
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ess of 10 microns using a Cu anode. The photoresis
hen stripped and the seed layer removed by a quick d
:1:20 solution of acetic acid/H2O2/water to remove the co
er followed by a dip in 1:10 HF/water to remove the titan
dhesion layer (Fig. 3(b)).

Metal crossovers were then fabricated to electrically
erconnect the microcoils. A 5�m polyimide layer, HD Mi-
rosystems PI5878, was spun and patterned on the wa
orm a dielectric spacer between the metal layers (Fig. 3(c)),
n Fig. 5. Two (1 0 0) silicon wafers, I and II, were anisotro
cally etched in 45% KOH at 60◦C using a silicon nitrid

ask (Fig. 5(a)). Wafer II was etched to termination, whil
50�m membrane was left on wafer I for future wafer bo

ng. The dimensions and spacing for openings in waf
ere determined by the motor parameters given inTable 1.
he wafers were then aligned, fusion bonded together
oated with a 150 nm LPCVD silicon nitride film (Fig. 5(b)).
10 nm titanium/100 nm gold seed layer was e-beam ev

ated and photoresist patterned to expose the KOH etch
ess (Fig. 5(c)). A 300�m Permalloy (80% Ni/20% Fe) co
as electroplated into the recess as shown inFig. 5(d). The
lating solution and detailed NiFe electroplating proce

s given elsewhere[19,20]. Electroplating was performed
urrent density of 15 mA/cm2 using an Ni mesh as the ano
ermalloy deposited at rate of 10�m/h. Magnetic propertie
f the Permalloy core were measured by a vibrating sa
agnetometer recording magnetic momentM as a function
f the applied field. From these measurements, the re
ermeabilityµr was calculated to be 500. The permalloy w

hen polished and individual rotors were diced (Fig. 5(d)).
An epoxy suspension of a premagnetized powder, Nd

ith particle size 1–10�m was then screenprinted into t
ottom center recesses of the rotor (Fig. 5(e)). Based o
eight measurements, the concentration of magnetic po

n epoxy suspension was found to be approximately 7
lternating polarity of the magnetic array was achieved
creenprinting alternate recesses and allowing the e
o cure in the presence of an external magnetic fi

= 2× 104 A/m. The external magnetic field was insu
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Fig. 4. Photograph of two microcoils array. (a) (Left) enlargement of multiturn coil design showing two six-turn spiral microcoils. Metal crossovers from the
center of the coil to the exterior are shown on the left of the photo. (b) (Right) enlargement of serpentine microcoil design. The Cu lines serpentine down the
length of the strip crossing over the other two phases at each end. (c) An entire microcoil array showing bonding pads at each end of the strip for electrical
connections. Total length of the array is roughly 70 mm.

Fig. 5. Rotor fabrication flow: (a) two silicon wafers coated with LPCVD
silicon nitride are patterned and anisotropically etched in KOH; (b) wafer I
and wafer II are aligned and fusion bonded; (c) gold seed layer is deposited
and patterned; (d) permalloy is electroplated, polished, and translational
microstages are individually diced; (e) every other bottom recess is screen-
plated with NdFeB/epoxy suspension in presence of an external magnetic
field; (f) the rest of permanent magnets is screen-plated in presence of ex-
ternal magnetic field of opposite polarity.

cient to demagnetize the particles, but sufficient to orient the
magnetic particles during curing. The remaining recesses
were screenprinted and allowed to cure with a magnetic
field of opposite polarity. The final rotor configuration with
alternating permanent magnets is shown inFig. 5(f). After
the permanent magnets were fabricated, the individual rotors
were assembled into the LSM. To measure magnetization
of the screen-plated permanent magnets, test samples
were fabricated under the same conditions as the rotors.

F graph
s and
s

ig. 6. Photograph of rotor with embedded permanent magnets. Photo
hows the bottom of the microstage with dovetail bearing microjoints
creen printed magnets.
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Fig. 7. Photograph of an assembled LSM microsystem complete with sub-
strate, rotor (microstage), and stator (microcoils).

Magnetization was measured with a vibrating magnetometer
giving M= 1.4× 105 A/m. Shown inFig. 6 is a photograph
of the translational rotor with dovetail joint bearings and
array of embedded permanent magnets. The completely
assembled LSM with substrate, rotor, and microcoil array is
shown inFig. 7.

4. Modeling and simulations

To assess the performance of both micromotor designs,
numerical analysis of the field and force distributions were
carried out using well-established theoretical models. Sym-
metry reduced all simulations and calculations to their re-
spective 2D field distributions along the longitudinal cross
section through the center of the coils as shown inFig. 8.
Fringe effects on either side of the microcoil array were as-
sumed negligible and ignored. The fundamental unit for the
model was the magnetic field generated by a fixed current
ik flowing in thez-direction through a single, infinitely long
strip of conductive copper of fixed width,a, and negligible
thickness centered aroundxk. The magnetic field for differ-

F tion.
x
i
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ent microcoil arrays was constructed by superposition of the
fields generated from the appropriate number and arrange-
ment of conductive strips each supporting the appropriate
current.

A phased, time variant, sinusoidal current input to each
stator coil generates the equivalent spatial sinusoidal mag-
netic field along the length of the array as shown inFig. 8.
This field propagates in thex-direction with synchronous ve-
locity:

Vs = τf, (1)

wheref is excitation current frequency andτ is the armature
coil pole pitch. The permanent magnet, PM, located on the
rotor follows the traveling armature field distribution. The
force that serves to translate the rotor is governed by the
strength of the permanent magnet and the armature field.

In the case of a single permanent magnet with magnetiza-
tion �M, the force acting on it in the stator field�H , generated
by the stator coils can be calculated by integration of the force
density:

�f = �∇( �M · �H) (2)

over the volume of the permanent magnetV. For both designs,
the magnetization of the permanent magnets is constant and
has only one-directional componentMy. It follows then from
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ig. 8. Diagram of key LSM actuator components for concept of opera

1, . . . xn are thexplacements of the individual microcoil conductors;i1, . . .

n are the current associated with thexnth specific conductor.Fx andFy are
he respectivexandyfield induced forces.Ff is the frictional force retardin
otion, andτ is the pitch of the microcoils.
2) that the longitudinal and normal components of the f
cting on the magnet are

x = My

∫
V

∂

∂x
Hy(x, y) dV, Fy = My

∫
V

∂

∂y
Hy(x, y) dV

(3)

agnetization in they-direction gives a translational for
ependence only on they-component of the stator fieldHy(x,
). They-component of the field generated by a single c
uctor is given as follows[21]:

k
y (x, y) = ik

8aπ
ln

(
(x − xk + a)2 + (y − yk)2

(x − xk − a)2 + (y − yk)2

)1/2

(4)

herea is the width of a single conductor, andHk
y (x, y) is the

-component of the stator field at a point (x, y) in thexy-plane
ue to thekth currentik flowing in a conductor centered
xk, yk) (seeFig. 8). The resultanty-component of the stat
eld from all conductors at a point (x, y) given as:

y(x, y) =
N∑

k=1

Hk
y (x, y)

ig. 9shows they-component of the stator fieldHy(x, y) at a
xed time for both LSM designs as a function ofxandy. The
-axis, Track, covers two pole pitches along the micro
rray and they-axis, Height, extends to the maximum hei
f the permanent magnets for both LSM designs. Thex-axis is
ormalized to the number,N, of pole pitches,τ, to compensat

or the differing microcoil designs (seeTable 1). Also note
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Fig. 9. Stator magnetic field distribution over two pole pitches for both LSM designs. The track axis records the distance along the microcoil array, and the
height axis reflects the field strength at a distance above the microcoils: (a) field distribution for LSM1 and (b) field distribution for LSM2.

that the bottom of the button magnet of LSM1 is at 1 mm,
which is much larger than that for LSM2.

As it can be seen inFig. 9(a), for LSM1, the field shape
is far from an ideal sinusoidal in the near-field region, i.e.
for short microcoil/permanent magnet separations, although
the field distribution is sinusoidal at the top of the magnet
in the far-field regime. Since the near-field components will
contribute more significantly to the motive force than the
far-field, similar non-linearities can be anticipated in the op-
eration of LSM1 design. By comparison, the stator field dis-
tribution of LSM2 is shown inFig. 9(b). Though the LSM2
magnet is much closer to the coils with a distance starting at
less than 0.1 mm above the conductors, the field shows that
the near-field effects over the magnet are much less signifi-
cant than for the LSM1 coil design.

Unfortunately, the shape of the stator field for both de-
signs still deviates significantly from a sinusoidal asHy(x, y)
translates, particularly in the near-field regime. The effect of

stator field deviations on the motive force during translation
is shown inFig. 10, where the total motive force is graphed
as a function of the “real”xr, and desired position,xd, of the
rotor for the appropriate three-phased sinusoidal coil excita-
tion. The desired position,xd, is defined as the point where
the rotor should be at the moment of timet, moving with syn-
chronous velocityVs, i.e.xd =Vst, or as it follows from Eq.(1)
xd = τ fst, i.e. thexd-axis is proportional to time. The real po-
sition,xr, is the actual position at time,t. A semi-transparent
plane is shown in both graphs representing the plane of
perfect tracking,xr =xd. To maintain perfect tracking, i.e. a
constant velocity in this case, the motive force acting on the
rotor must be constant. However, it is seen inFig. 10that the
force changes in a roughly sinusoidal fashion for both LSM
designs along the plane of perfect tracking. It is therefore
impossible for the rotor to perfectly track the desired position
trajectory when excited with simple sinusoidal open-loop
current inputs. However, the form of the deviations suggest

f real a
Fig. 10. Force distribution as a function o
 nd desired position for (a) LSM1 and (b) LSM2.
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a control waveform, as will be discussed in subsequent
sections.

Fig. 10(b) shows the force distribution for LSM2 with an
array of six integrated magnets. The total force produced by
the commercial button magnet of LSM1 (Fig. 10(a)) is greater
than that of the integrated magnet array of LSM2; however,
the relative force variations of LSM2 alongxr =xd are smaller
in amplitude than LSM1. Within one-pole pitch, there are
three force ripples for LSM1 design and six ripples for LSM2
design, which is due to different coil designs, multiturn versus
serpentine. The pole pitch of LSM2 is also five-times smaller
than that of LSM1. The result is a more frequent but smaller
force ripple, when the rotor of the LSM2 is moving, while
LSM1 exhibits a larger and less frequent force ripple. The
force ripple’s effect on LSM position trajectory is shown in
Section5.

Two frictional forces are considered in the model, vis-
cous friction that is a linear frictional force, and a non-linear
Coulombic frictional force. The total force of friction is given
as

Ff = −µvf |vr| − sign(vr)µk|Fy − mg|

The coefficient of viscous friction is given byµvf , and the
coefficient of kinetic friction is given byµk. When the ve-
l y
µ

F

T SM
h amic
e ion of
t from
t vice
i

5. Results and discussion

Physical performance such as linear translation and con-
veyable mass were investigated to evaluate the LSM char-
acteristics. Position of the moving stage was determined by
reflecting a HeNe laser beam off a corner cube (retro reflec-
tor) mounted on the rotor to a position sensitive diode (PSD).
As the rotor moves, the reflected beam is scanned across the
PSD and the diode voltage is then mapped to the rotor’s posi-
tion. Data acquisition and control of the three-phase driving
current was accomplished using a computer.

5.1. Open-loop operation

To determine open-loop operation performance, the mo-
tors were driven by a constant frequency three-phase sinu-
soidal current. The motors are capable of smooth controlled
operation between speeds of 0.1 and 8 cm/s. For both LSM
designs, the total translation distance of the moving stage was
6 cm and was limited only by the wafer size that was used for
substrate fabrication.

For LSM1, translation was observed at peak currents less
than 600 mA. However, this generally resulted in a pul-
sating motion (i.e. jumping from coil to coil rather than
smooth translation). Smoother motion was observed at cur-
rents higher than 900 mA. With a 0.5 g retro reflector attached
t oxi-
m but
d s, it
r retro
r

del
w rac-
t
f m-
p eloc-
i ents

F ranslat plitude is
I 0.3 cm
ocity is zero, static friction dominates andµk is replaced b
s. The net force acting on the rotor magnet is then

net = V̇rm = Fx + Ff

hus far, an intuitive description of the behavior of the L
as been presented along with the foundation of the dyn
quations. It has also been shown that open-loop operat

he LSM cannot provide performance that is expected
he ideal LSM motor. Thus, closed-loop control of the de
s required for accurate positioning.

ig. 11. Comparison of the model and experimental data on rotor t

0 = 1.2 A. Two different speeds are shown for each design. (a) LSM1,V1 =
o the rotor, LSM1 showed smooth translation at appr
ately 1.2 A. The operation of LSM2 started at 400 mA,
ue to lower magnetization of microfabricated magnet
equired peak currents at around 1.2 A to operate with a
eflector.

Fig. 11 compares the simulation of the dynamic mo
ith the experimental results. Position versus time cha

eristics were obtained at driving current amplitudeI0 = 1.2 A
or both LSM designs. Two different velocities shown to e
hasize various aspects of motion for each design. V

ty was changed by changing the driving sinusoidal curr

ion in open-loop operation for two LSM designs. Driving current am
/s andV2 = 1 cm/s; (b) LSM2,V1 = 0.2 cm/s andV2 = 0.5 cm/s.
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frequency according to Eq.(1). Fig. 11(a) shows that for
LSM1, the model data agrees well with experimental data.
The straight reference line represents the position as given by
the synchronous velocity. Key non-linear features of open-
loop performance are: delayed translation at the beginning,
undershoot in the steady-state position, and a wavy transla-
tional profile. The first two features are due to friction. The
delay, a spatial lag, is analogous to angular lag between the
rotor and the rotating stator field in rotary motors. The un-
dershoot is due to the driving currents stopping when the ref-
erence reaches steady state. The wavy characteristic is due
to the force ripples shown inFig. 10(a), and occurs with a
spatial periodicity equal to the width of one multiturn coil.

LSM2 exhibits the same three basic characteristics as
LSM1. However, due to reduced pole pitch and reduced near-
field effects in the stator field, the waves are reduced in am-
plitude. Though the model described in previous section does
not account for interaction of permanent magnet and ferro-
magnetic core used in LSM2 design, experimental results
agrees well with the model data. Six ripples per pole pitch
shown in force distribution (Fig. 10(b)) are clearly seen in
the translation plot.

5.2. Closed-loop control

To improve translation performance, both LSM designs
w oals
o be-
t mini-
m the
w ; (4)
a s and
r sible.

ys-
t
d fol-

Fig. 12. Block diagram of LSM closed-loop control system.

lows. The current functioniu(u(t)) translates the equilibrium
position demand into the appropriate three-phase current out-
puts that actuate the LSM. From inputu(t) to outputxr(t), the
effective LSM is a single-input–single-output (SISO) system
controlled byC. For this, discussion feed forward gain is
Kff = 2π/τ, and feedback gain isKfb = 1. For open-loop op-
eration,C= 0, and the LSM inputu(t) =Kff r(t) is determined
directly from the desired reference positionr(t). For closed-
loop controlled operation of the LSM, the SISO controller,
C, is a linear proportional integral derivative (PID) controller
defined as:

C(t) = KPe(t) + KI

∫ t

0
e(t) dt + KD

de(t)

dt

where e(t) is the error signal between the referencer(t)
and the outputxr(t). The controller gainsKP, KI , KD were
tuned heuristically online until desirable performance was
achieved. The controller used is linear, and thus will not be
able to completely remove the LSM non-linearities; however,
it will be able to reduce their effect on the position trajectory
of the LSM.

F for two re
s ,V1 = 0
ere placed under closed-loop control. The immediate g
f closed-loop control are: (1) first, to minimize the error

ween the reference and rotor positions; (2) second, to
ize the over/undershoot due to friction; (3) to attenuate
avy non-linearities due to fluctuations in the stator field
nd lastly, to compensate for any external disturbance
eturn the stage to its desired trajectory as quickly as pos

Fig. 12shows the block diagram of the LSM control s
em. The effective LSM inputu(t) (given as simplyu in the
iagram) defines the equilibrium position that the rotor

ig. 13. Comparison of the open-loop and closed-loop performance
hown for each design. (a) LSM1,V1 = 0.3 cm/s andV2 = 1 cm/s; (b) LSM2
LSM designs. Driving current amplitude isI0 = 1.2 A. Two different speeds a
.2 cm/s andV2 = 0.5 cm/s.
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In Fig. 13, comparison of open- and closed-loop rotor
translation at the conditions described in open-loop section is
shown for both LSM designs. Examination ofFig. 13shows
that closed-loop control for both motors improved perfor-
mance. Although attenuated, some wavy behavior persists as
expected from the linear nature of the PID. Increasing the pro-
portional gain of the controller can reduce deviations from the
reference but at the cost of high-frequency oscillations and
sensitivity to sensor noise. Increasing the integrator gain can
make the system respond to overshoots of the stopped ref-
erence signal more quickly. However, the accumulation of
constant error while the motor is in a stiction state causes
the integrator to wind-up and overcorrect for the problem,
leading to oscillations in the steady state; seeFig. 13(a).
Controller inefficiency is more pronounced at high spead.
Closed-loop data for LSM2 shows that with a better actua-
tor design, there is less room for improvement with linear
PID feedback control.Fig. 13(b) shows that the integral ac-
tion of the PID controller is driving the steady-state error
toward zero, while the open-loop position stays fixed. Also,
the waves are attenuated and slightly more centered about the
reference than in the open-loop case. An important issue is
that it is impossible for the controller to remove the waves
completely. As the controller has no a prior knowledge of
the field fluctuations, they look like disturbances to which it
must react. To fully remove the fluctuations, a more sophis-
t d to
m
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by experimental data. A feedback control system using
a heuristically tuned PID controller was employed to
compensate for external disturbance forces such as friction,
and to attenuate the effect of non-linear force ripples on
positions trajectory performance of both LSM designs.
The linear controller, while significantly improving the
performance of both LSM designs over open-loop operation
was unable to completely remove the effect of the non-linear
force ripples. To enable micron scale precision positioning,
these non-linearities must be dealt directly with a non-linear
controller. An effective feedback linearization procedure has
been developed for the LSM and tested in simulation. Present
work involves implementing the non-linear controller and
evaluating its performance on the experimental system. With
such a controller, the performance goals of several miniature
LSM applications can be realized.
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