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Abstract

A miniature linear synchronous motor was designed, fabricated and tested. Actuation was achieved through interaction of traveling magneti
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,
fully microfabricated rotor with embedded array of screenprinted permanent magnets and a linear array of serpentine microcoils on the stato
Motion of the rotor was constrained by dovetail microjoints. A numerical model was developed for modeling and dynamic control. The motor
was tested under various operating conditions with both open- and closed-loop control. The motors showed reliable translation over 6 cn
travel with accuracy limited by the feedback system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction eliminate the need for electrical connections to moving com-
ponents, and thereby reduce complexity. A diverse number of
An unquenchable interest in long-range microactuators is magnetic actuators for various special applications have been
fueled by critical microinstrument applications, such as opti- demonstrated using electroplated soft magnetic materials
cal positionind1], roboticg2], surgery3], etc. These appli-  such as FeNi10], commercial permanent magn§ts9,11]
cations not only demand the precision translation inherently electroplated CoNiMnP permanent magré&®), or screen-
found in microfabricated systems, but also require extended printed polymer magne{4.3]. Additionally, long-range lin-
actuation distances of millimeters to centimetres—a require- ear magnetic actuators utilizing relatively large commercial
ment not normally associated with microsytems. Several permanent magne{3—9,14] have also been demonstrated,
types of long-range microactuation mechanisms have beenas well as proposed methods to integrate magnetic compo-
reported, each showing varying degrees of success: piezohents into the microfabrication arena using electroplated or
electric [4,5], electrostatid6], and electromagnetif7—9]. screen plated permanent magngt,13,15] However, to
However, both electrostatic and piezoelectric actuators re-date, none of these techniques have been applied to a fully
quire complex mechanisms to parley their inherently short- microfabricated long-range linear translation actuator.
range actuation mechanisms into long-range translation. This paper presents a miniature three-phase linear syn-
Linear electromagnetic actuators, onthe other hand, are in-chronous motor, LSM, predicated upon a derivation of the
herently long-range devices due to extended electromagnetianore familiar macro magnetic levitation, i.e. (MagLev) trains
fields and should serve well as a transduction mechanism for[16]. Two miniature linear synchronous motor designs are
long-range actuators. Additionally, electromagnetic actua- presented and characterized. Moving components of both
tors utilizing permanent magnets on the motive components motors are made passive using permanent magnets, to meet
the performance and fabrication specifications for the appli-
* Corresponding author. Tel.: +1 207 5812269. cations stated above. To analyze the performance of both
E-mail addressscott.collins@maine.edu (S.D. Collins). LSM designs, a dynamic model was developed and pre-
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sented. To further improve the positioning performance of Table 1
both LSMs, a feedback controller was implemented to com- Design data of LSM

pensate for frictional forces and non-linear LSM dynamics. Specification data LSM1 LSM2
Coil type Multiturn Serpentine
Microcoil pole pitchr (mm) 11.7 1.95
2. LSM concept of operation and motors layout Number of turns per coil 6 1
Track length (mm) 60 60
. . Single-current conductor widthuMm) 300 300
Linear synchronous motors, LSMs, are simply electro- pistance between each conductan) 325 325
magnetic motors used for linear rather than rotary motion. Permanent magnet type “Button”  Screen printed
Several different LSM variants exist with most of them rely- NdFeB NdFeB paste
_PM magnetization (A/m) 6.4 10° 1.4x 10°

ing on the interaction between a magnet, permanent or elec , ,

tromagnetic on a rotor, and a traveling electromagnetic wave Magnet length/width/height (mm) e/6l4 08/25/035
g ! - 9 9 ) Number of magnets in array 1 6

produced by stator. In a typical three-phase LSM operation, pistance between coils and magnets 900 50-100

three arrays of coils on the stator excite a phased spatial dis- (um)

tribution of electromagnetic fields that propagates along the

length of the stator. The permanent magnet on the rotor, thethe period of permanent magnets fabricated into the rotor of

tr? nslatlonag stage ml Fh's case, ebssennallyhfollows the tray- LSM2. Table 1provides a list of the key parameters for both
eling wave by mutual interaction between the two magnetic | g\11 and LsM2 designs.

fields.

In this paper, two miniature LSM designs were fabricated
as shown irFig. 1L Both LSM designs employ dovetail mi-
crojoints for low runout translatiofi 7], permanent magnets
on the rotor, and a three-phase microcoil array on the stator.
However, inthe 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-
sign, the stator is composed of a serpentine microcoil array
while the rotor provides a matching integrated permanent
magnet array. Preliminary work on LSM1 design has been
reported previously18]. It consists of a linear array of six-
turn microcoils for the stator and a large button permanent
magnet manually attached to the rotor. Although initial test-
ing of LSM1 generated large translational forces, the large

permanent magnet did not provide a convenient mechanism The LSM substrate was fabricated as a three-wafer silicon

to scale the LSM. Therefore, another more integrated LSM stack Fig. 2). The substrate provides support and alignment
design, LSM2 was introduced. The stator for the LSM2 has 9.9 1T P UPP Alighm
for the microcoil array, as well as provides dovetail bearing

a three-phase array of serpentine planar coils that matches

3. Fabrication

Both LSM designs were fabricated as three separate com-
ponents and later assembled into the finished actuator. The
' three components are labeledHig. 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

Substrate Fabrication
3. Rotor Wafer | Wafer Il

— inegrated > __ silicon —_
"Button" ] . 100
Permanent magnet (110} o (100)
Permanent magnet Array (a) v Silicon _»
II

Nitride
(b) / \

Wafer |

Wafer ||

Handle
(c) Wafer

Fig. 2. Process flow for substrate fabrication: (a) LPCVD silicon nitride
Fig. 1. Micro LSM assembly. LSM1 (left) shows a simple design using is deposited and patterned on two separate silicon wafers; (b) wafers are
a single permanent “button” magnet and an array of multiturn microcoils. anisotropically etched in KOH to form dovetail joint (left) and microcoil
LSM2 (right) shows a more integrated version with integrated permanent array slot (right); (c) wafer |, wafer I, and a handle wafer are fusion bonded
magnets and a serpentine microcoil array. together; (d) completed substrate is covered with LPCVD silicon nitride.
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m &— Photoresist and a second Cu metallization was fabricated by repetition of
~«— Cu seed layer steps 3(a) and 3(b). The cross sectional diagram of the final
(@) e Silicon microcoil array structure complete with two-layer Cu metal-

lization is shown irFig. 3(d). This basic fabrication process

Copper was used for both the multiturn microcoils and the serpen-
) tine microcoil geometries. Shown iRig. 4 are plan view

photographs of completed three-phase microcoil arrays: (1)

4 Cu seed layer multiturn microcaoils; (2) Serpentine microcoils; and (3) com-
m‘“‘ n plete microcoil array diced into a strip for insertion into the .
FoBIKE substrate slot. Bonding pads are shown at the ends of the strip
(c) for electrical connection to the microcoils. Fabricated micro-

coils had a typical resistance of 2.823or the serpentine

m configuration and 6—8 for the multiturn configuration.

3.3. Rotor fabrication

(d)

. . G . For both LSM configurations, the rotor utilizes a dove-
Fig. 3. Process flow of microcoil fabrication: (a) copper seed layer is de- .= . L. . . . .
posited, photoresist is applied and photopatterned; (b) copper is electro-ta'II microjoint to precisely constrain motion and provide low
plated, photoresisted and seed layer are removed; (c) polyimide is appliedfunout. For LSM1, the rotor followed the same fabrication
and patterned, seed layer for second metalization layer is deposited; (d) crossprocedures given in referenfE?]. After rotor fabrication, a
section of fabricated microcoil with two metalization layers and crossovers. 6 mm diameter NdFeB “button” magnet was adhesively at-

tached to the top of the rotor.

surfaces for the rotor translation. As showrFig. 2(a), sil- The dovetail fabrication process for LSM2 rotor followed
icon wafers | and Il were covered with a 120nm LPCVD 3 similar process to the LSML1 rotor, but was modified slightly
silicon nitride etch mask that is patterned using conventional tq provide integration of a permanent magnet array in the bot-
photolithography and RIE etching. The wafers were then tom of the rotor. The LSM2 rotor fabrication process is shown
anisotropically etchedin 45% KOH at 6@ (Fig. 2b)). Mask  jn Fig. 5 Two (1 00) silicon wafers, | and II, were anisotrop-
alignment to either the (110) or (100) planes, respectively, jcally etched in 45% KOH at 60C using a silicon nitride
creates the familiar 54°4ide walls of wafer | or the vertical mask F|g aa)) Wafer Il was etched to termination' while a
side walls of wafer Il. wafers | and Il were aligned and fu- 150Mm membrane was left on wafer | for future wafer bond-
sion bonded with a silicon handle wafer at 12@in O, for ing. The dimensions and spacing for openings in wafer |
2h (Fig. 2c)). The entire wafer stack is then coated with a \yere determined by the motor parameters givemiahle 1
120 nm LPCVD silicon nitride filmFig. Ad) shows the final  The wafers were then aligned, fusion bonded together, and

assembly. coated with a 150 nm LPCVD silicon nitride filririg. 5(b)).
A 10 nm titanium/100 nm gold seed layer was e-beam evapo-
3.2. Stator and microcoil fabrication rated and photoresist patterned to expose the KOH etched re-

cess Fig. 5(c)). A 300um Permalloy (80% Ni/20% Fe) core
The stator and microcoil arrays were fabricated on a sep-was electroplated into the recess as showfiin 5d). The

arate silicon wafer using a multi-level metallization process. plating solution and detailed NiFe electroplating procedure
Microcoil fabrication started with an e-beam evaporation of is given elsewherfl9,20] Electroplating was performed at
10 nm titanium/100 nm copper seed layer on top of a 200 nm current density of 15 mA/cAusing an Ni mesh as the anode.
silicon oxide coated silicon wafeF{g. 3(a)). A 10pm thick Permalloy deposited at rate of n/h. Magnetic properties
layer of photoresist AZ4620 (Hoechst-Celanese) was pho- of the Permalloy core were measured by a vibrating sample
tolithographically patterned creating the mold for electrode- magnetometer recording magnetic momkhas a function
position of the first metal layer. The wafer was then immersed of the applied field. From these measurements, the relative
in a Cu plating bath, Technic Inc. “Cupper-U”, and copper permeabilityu was calculated to be 500. The permalloy was
electroplated at a constant current of 25 mAZdma thick- then polished and individual rotors were dic&dly, 5d)).
ness of 10 microns using a Cu anode. The photoresist was An epoxy suspension of a premagnetized powder, NdFeB
then stripped and the seed layer removed by a quick dip inwith particle size 1-1@.m was then screenprinted into the
1:1:20 solution of acetic acidA®,/water to remove the cop-  bottom center recesses of the rotéig, 5e)). Based on
per followed by adip in 1:10 HF/water to remove the titanium weight measurements, the concentration of magnetic powder

adhesion layerKig. 3(b)). in epoxy suspension was found to be approximately 70%.
Metal crossovers were then fabricated to electrically in- Alternating polarity of the magnetic array was achieved by
terconnect the microcoils. Ajpm polyimide layer, HD Mi- screenprinting alternate recesses and allowing the epoxy

crosystems PI15878, was spun and patterned on the wafer tdo cure in the presence of an external magnetic field,
form a dielectric spacer between the metal layEig.(3(c)), H=2x 10* A/m. The external magnetic field was insuffi-
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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 csdesoviire

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 senpetit;ne do
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 stdalfor electri
connections. Total length of the array is roughly 70 mm.

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 showrrig. Xf). After

the permanent magnets were fabricated, the individual rotors
were assembled into the LSM. To measure magnetization

Wafer | Wafer Il

L~/ 3 Waferl of the screen-plated permanent magnets, test samples
I‘i\ I were fabricated under the same conditions as the rotors.
A A Wafer Il
F‘hOtOfeSlSt
""‘—-—-— Gold

BIRAN 75 7| seed layer

: - : } Permallo
9 b{ yANAyvA '
cut

cut

External

\ External
Mag Field Mag Field
(f)

Screen plated
(e) Magnets

Fig. 5. Rotor fabrication flow: (a) two silicon wafers coated with LPCVD
silicon nitride are patterned and anisotropically etched in KOH; (b) wafer |
and wafer Il 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 magneticFig. 6. Photograph of rotor with embedded permanent magnets. Photograph
field; (f) the rest of permanent magnets is screen-plated in presence of ex-shows the bottom of the microstage with dovetail bearing microjoints and
ternal magnetic field of opposite polarity. screen printed magnets.

3 mm
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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=1.4x 10° A/m. Shown inFig. 6is a photograph
of the translational rotor with dovetail joint bearings and
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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 showrig. 8.

This field propagates in thedirection with synchronous ve-
locity:

Vs=1f, (1)

wheref is excitation current frequency anrds 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, generated
by the stator coils can be calculated by integration of the force
density:

array of embedded permanent magnets. The completely

assembled LSM with substrate, rotor, and microcoil array is f = 6(1\71 : ﬁ)

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 showikrim 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
ix flowing in thez-direction through a single, infinitely long
strip of conductive copper of fixed widtl, and negligible
thickness centered aroumg. The magnetic field for differ-

Magnetic Field

Permanent
Hy (x.i) Magnet (PM)
. N
Silcon
Surface S
\ S AL N |
e
TRas
y\s/ Fy S
Ki’, i iz iy is Ig I7 Coil
I,“|“{”|H|”I”'| Conductor

Fig. 8. Diagram of key LSM actuator components for concept of operation.
X1, . . . Xn are thex placements of the individual microcoil conductdss; . .

in are the current associated with thgh specific conductof, andFy are

the respectiva andy field induced forced; is the frictional force retarding
motion, andr is the pitch of the microcaoils.

)

over the volume of the permanent mag¥vigfor both designs,

the magnetization of the permanent magnets is constant and
has only one-directional componeéwy. It follows then from

(2) that the longitudinal and normal components of the force
acting on the magnet are

d a
Fx:My/VaHy(x,y)dV, F :My/ngy(x,y)dV
3)

Magnetization in they-direction gives a translational force
dependence only on tlyecomponent of the stator fietdy(x,
y). They-component of the field generated by a single con-
ductor is given as followf21]:
1/2
) (4)

y

whereais the width of a single conductor, amijf(x, y)isthe
y-component of the stator field at a poirty) in thexy-plane
due to thekh currentiy flowing in a conductor centered at
(X, Yk) (seeFig. 8). The resultany-component of the stator
field from all conductors at a poinx(y) given as:

(x — x +a)® + (v — w)?
(x —xx — a)® + (y — w)?

ik
8arn

k —
Hy(x’ y) -

N
Hy(x.y) =) Hy(x.)

k=1
Fig. 9shows the-component of the stator fieldy(x, y) at a
fixed time for both LSM designs as a functionadndy. The
x-axis, Track, covers two pole pitches along the microcoil
array and thg-axis, Height, extends to the maximum height
ofthe permanent magnets for both LSM designs.xFhgis is
normalized to the numbeéM, of pole pitchest, to compensate
for the differing microcoil designs (semble J). 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 microcall theay, an
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 ifig. 9(a), for LSM1, the field shape
is far from an ideal sinusoidal in the near-field region, i.e.

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 irFig. 9b). Though the LSM2

cant than for the LSML1 coil design.

signs still deviates significantly from a sinusoidal§£x, y)

Force, mN

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¥%;, and desired positiorxy, of the
rotor for the appropriate three-phased sinusoidal coil excita-
for short microcoil/permanent magnet separations, althoughtion. The desired positiorxg, is defined as the point where
the rotor should be at the moment of titpenoving with syn-
chronous velocitys, i.e.xq = Vst, or asit follows from Eq(1)

Xg =1 ft, i.e. thexg-axis is proportional to time. The real po-
sition, X, is the actual position at time,A semi-transparent
plane is shown in both graphs representing the plane of
perfect trackingx, =Xg. To maintain perfect tracking, i.e. a
magnet is much closer to the coils with a distance starting at constant velocity in this case, the motive force acting on the
less than 0.1 mm above the conductors, the field shows thatrotor must be constant. However, it is seeifrig. 10that the

the near-field effects over the magnet are much less signifi-force changes in a roughly sinusoidal fashion for both LSM
designs along the plane of perfect tracking. It is therefore
Unfortunately, the shape of the stator field for both de- impossible for the rotor to perfectly track the desired position
trajectory when excited with simple sinusoidal open-loop
translates, particularly in the near-field regime. The effect of current inputs. However, the form of the deviations suggest

z
£ 0
[ N
2
(=}
(IR

0.2
O ;

06,05, 1N | 2.5
O’) & 1 ; 2
| e 1 5 .

. q " | Rotor position X

Fig. 10. Force distribution as a function of real and desired position for (a) LSM1 and (b) LSM2.
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a control waveform, as will be discussed in subsequent 5. Results and discussion
sections.

Fig. 1Q(b) shows the force distribution for LSM2 with an Physical performance such as linear translation and con-
array of six integrated magnets. The total force produced by veyable mass were investigated to evaluate the LSM char-
the commercial button magnet of LSMHiQ. 1(0(a)) isgreater ~ acteristics. Position of the moving stage was determined by
than that of the integrated magnet array of LSM2; however, reflecting a HeNe laser beam off a corner cube (retro reflec-
the relative force variations of LSM2 alomg=xq are smaller tor) mounted on the rotor to a position sensitive diode (PSD).
in amplitude than LSM1. Within one-pole pitch, there are As the rotor moves, the reflected beam is scanned across the
three force ripples for LSM1 design and six ripples for LSM2 PSD and the diode voltage is then mapped to the rotor’s posi-
design, which is due to different coil designs, multiturn versus tion. Data acquisition and control of the three-phase driving
serpentine. The pole pitch of LSM2 is also five-times smaller current was accomplished using a computer.
than that of LSM1. The result is a more frequent but smaller
force ripple, when the rotor of the LSM2 is moving, while 5.1. Open-loop operation
LSM1 exhibits a larger and less frequent force ripple. The
force ripple’s effect on LSM position trajectory is shown in To determine open-loop operation performance, the mo-
Sectionb. tors were driven by a constant frequency three-phase sinu-

Two frictional forces are considered in the model, vis- soidal current. The motors are capable of smooth controlled
cous friction that is a linear frictional force, and a non-linear operation between speeds of 0.1 and 8 cm/s. For both LSM
Coulombic frictional force. The total force of friction is given  designs, the total translation distance of the moving stage was

as 6 cm and was limited only by the wafer size that was used for
substrate fabrication.
Fr = —pvilvr] — Sign@y)ukl Fy — mg| 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
to the rotor, LSM1 showed smooth translation at approxi-
mately 1.2 A. The operation of LSM2 started at 400 mA, but
due to lower magnetization of microfabricated magnets, it
required peak currents at around 1.2 A to operate with aretro
reflector.

Thus far, an intuitive description of the behavior of the LSM F|g 11 compares the simulation of the dynamic model
has been presented along with the foundation of the dynamicwith the experimental results. Position versus time charac-
equations. It has also been shown that open-loop operation oteristics were obtained at driving current amplituigle 1.2 A

the LSM cannot provide performance that is expected from for both LSM designs. Two different velocities shown to em-
the ideal LSM motor. Thus, closed-loop control of the device phasize various aspects of motion for each design. Veloc-

The coefficient of viscous friction is given hyy;, and the
coefficient of kinetic friction is given byc. When the ve-
locity is zero, static friction dominates apgl is replaced by
us. The net force acting on the rotor magnet is then

Fret= Vrm =Fy+ Ft

is required for accurate positioning. ity was changed by changing the driving sinusoidal currents
2 ) 09} :
V,=0.5cm/s
08} ;
15}
I 0.7
© § :
[0} T :
o ] § 06F
% :
a g 05} : :
—— Experiment : Experiment
05} STE isdel 04l ., bl e OGOk oo
— Reference:
—— Reference 03K :
0 ‘ . ‘ 02 . . : : :
0 2 4 6 8 2 25 3 35 4 45 5
(a) Time, s (b) Time, s

Fig. 11. Comparison of the model and experimental data on rotor translation in open-loop operation for two LSM designs. Driving current amplitude is
lp=1.2 A. Two different speeds are shown for each design. (a) LSM%,0.3 cm/s and/, =1 cm/s; (b) LSM2V; =0.2 cm/s and/> =0.5 cm/s.
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frequency according to Eq1). Fig. 11(a) shows that for LSM Feedback Control Diagram
LSM1, the model data agrees well with experimental data.

The straight reference line represents the position as given by L ‘I Effective LSM
the synchronous velocity. Key non-linear features of open- -

loop performance are: delayed translation at the beginning, w |+~ e Jd T :’
undershoot in the steady-state position, and a wavy transla- O—| ¢ —& i) —f-| LSM

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- pg‘s’,ffh’mxr

dershoot is due to the driving currents stopping when the ref- K o ..Es‘t’“l'r’g;';ce
erence reaches steady state. The wavy characteristic is du¢ sensor

to the force ripples shown iRig. 10(a), and occurs with a noise

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- 10ws. The current function,(u(t)) translates the equilibrium
plitude. Though the model described in previous section doesPosition demand into the appropriate three-phase current out-
not account for interaction of permanent magnet and ferro- Puts that actuate the LSM. From inpuft) to outputx(t), the
magnetic core used in LSM2 design, experimental results €ffective LSMis a single-input-single-output (SISO) system
agrees well with the model data. Six ripples per pole pitch controlled byC. For this, discussion feed forward gain is
shown in force distributionRig. 10(b)) are clearly seen in  Kff =27/z, and feedback gain is, = 1. For open-loop op-

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

the translation plot. eration,C=0, and the LSM inputi(t) = K¢r(t) is determined
directly from the desired reference positiqt). For closed-
5.2. Closed-loop control loop controlled operation of the LSM, the SISO controller,

C, is alinear proportional integral derivative (PID) controller

To improve translation performance, both LSM designs defined as:
were placed under closed-loop control. The immediate goals 1 de(?)
of closed-loop control are: (1) first, to minimize the error be- C(1) = Kpe(r) + K| / e(r)dr + Kp— =
tween the reference and rotor positions; (2) second, to mini- 0
mize the over/undershoot due to friction; (3) to attenuate the where g(t) is the error signal between the referengd
wavy non-linearities due to fluctuations in the stator field; (4) and the outpuk(t). The controller gainKp, K;, Kp were
and lastly, to compensate for any external disturbances andtuned heuristically online until desirable performance was
return the stage to its desired trajectory as quickly as possible.achieved. The controller used is linear, and thus will not be
Fig. 12shows the block diagram of the LSM control sys- able to completely remove the LSM non-linearities; however,
tem. The effective LSM inputi(t) (given as simplyu in the it will be able to reduce their effect on the position trajectory
diagram) defines the equilibrium position that the rotor fol- of the LSM.

28— ! ! ! ! 24 !
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o} 3
L k7]
[a] 1.0 [a)]
—— Reference 2.1 — Reference
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- -~ Open loop : N ¥ A Open loop
: - - 2.0 i i I T
0,0 x . . : L 5 6 7 9 10
2 4 6 8 10
(a) Time, s (b) Time, s

Fig. 13. Comparison of the open-loop and closed-loop performance for two LSM designs. Driving current ampligwdk 25A. Two different speeds are
shown for each design. (a) LSM¥; =0.3cm/s and/> =1 cm/s; (b) LSM2)V; =0.2 cm/s and/, =0.5cm/s.
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In Fig. 13 comparison of open- and closed-loop rotor by experimental data. A feedback control system using
translation at the conditions described in open-loop sectionisa heuristically tuned PID controller was employed to
shown for both LSM designs. Examinationfeify. 13shows compensate for external disturbance forces such as friction,
that closed-loop control for both motors improved perfor- and to attenuate the effect of non-linear force ripples on
mance. Although attenuated, some wavy behavior persists apositions trajectory performance of both LSM designs.
expected from the linear nature of the PID. Increasing the pro- The linear controller, while significantly improving the
portional gain of the controller can reduce deviations from the performance of both LSM designs over open-loop operation
reference but at the cost of high-frequency oscillations and was unable to completely remove the effect of the non-linear
sensitivity to sensor noise. Increasing the integrator gain canforce ripples. To enable micron scale precision positioning,
make the system respond to overshoots of the stopped refthese non-linearities must be dealt directly with a non-linear
erence signal more quickly. However, the accumulation of controller. An effective feedback linearization procedure has
constant error while the motor is in a stiction state causes been developed for the LSM and tested in simulation. Present
the integrator to wind-up and overcorrect for the problem, work involves implementing the non-linear controller and
leading to oscillations in the steady state; $eg. 13a). evaluating its performance on the experimental system. With
Controller inefficiency is more pronounced at high spead. such a controller, the performance goals of several miniature
Closed-loop data for LSM2 shows that with a better actua- LSM applications can be realized.
tor design, there is less room for improvement with linear
PID feedback controFig. 13b) 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, References
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