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FOREWORD

The Eighteenth Annual Symposium on Incremental Motion Control
Systems and Devices was held at the Chancellor Hotel Convention
Center, Champaign, Illinois, June 20-22, 1989. These Proceedings

contain the papers presented at the Symposium.

The purpose of the Symposium is to form a forum for scientists
and engineers to gather and exchange information and ideas on motion

control systems problems.

The editor is indebted to many contributors of this volume.
Without their cooperation and efforts, these Proceedings would not

have been ready for distribution at the 1989 Symposium.

B. C. Kuo
June, 1989
Champaign, IL, U. S. A.



TABLE OF CONTENTS

FOREWORD
TABLE OF CONTENTS

AN ASSESSMENT OF VARIOUS MAGNETIC SIMULATION TOOLS
Wade Cole and H. D. Chai

THE DESIGN OF A MINIMUM-POWER VCM FOR A VERY SHORT SEEK TIME
Wen-Wei Chiang and Robert Mizrahi

DYNAMIC FORCE FACTOR OF A LINEAR VOICE COIL MOTOR
Joe Lillig

DIGITAL SERVO CONTROL FOR HIGH PERFORMANCE VCM IN DASD
Hjalmar H. Ottesen

EMPIRICAL EVALUATION OF VOICE COIL MOTORS FOR DISK STORAGE APPLICATIONS
Rudolf W. Lissner and Hi-Dong Chai

ADVANCED MOTION CONTROLLER SIMPLIFIES SYSTEM DESIGN
Jacob Tal and Wayne Baron

COMPUTER-AIDED SERVO DESIGN
Jacob Tal and Randy Andrews

A WEIGHTED OPTIMIZATION TECHNIQUE FOR DIGITAL MOTION CONTROL
Jack R. Smith and James E. Palmer

STABILIZATION OF A CONTROL SYSTEM BY THE USE OF A NONLINEAR LEAD NETWORK
W. J. Williams

THE FREE END-VELOCITY TIME-OPTIMAL CONTROL FOR BIFILAR HYBRID STEP MOTORS
WITH INVERSE-DIODE CLAMPED DRIVE CIRCUIT

Yan Zhu, Ronald H. Brown and Xin Feng

CONTROL OF A PM STEPPER MOTOR BY EXACT LINEARIZATION
M. Zribi and J. Chiasson

NEW STAGE FOR STEPPING MOTOR CONTROL

Kazuo Yokoyama, Akira Sugawara, Takeshi Ogawa and Masakazu Kojima

ACCURATE MODELING OF BRUSHLESS DC MOTORS FOR HIGH PERFORMANCE APPLICATIONS,
PART I: LINEAR MAGNETIC STRUCTURE

Neyram Hemati and Ming C. Leu

ACCURATE MODELING OF BRUSHLESS DC MOTORS FOR HIGH PERFORMANCE APPLICATIONS,
PART II: PRESENCE OF MAGNETIC SATURATION
Neyram Hemati and Ming C. Leu

BRUSHLESS D.C. MOTORS WITHOUT PERMANENT MAGNETS

James R. Hendershot, Jr.

WYE & DELTA CIRCUIT COMPARISON AND WAVEFORM SIMULATION FOR BRUSHLESS MOTORS

Xin tian Wang

BRUSHLESS DC MOTOR WITH AXTAL AIRGAP-INFLUENCE OF CHANGES IN MECHANICAL, ELECTRICAL
AND MAGNETIC PARAMETERS ON MOTOR PERFORMANCES

A. Cassat

144

13

23

29

35

41

45

55

59

65

71

79

89

97

115

135



ANALYSIS OF THE RELATIONSHIP OF MAGNET THICKNESS TO WORKING AIR GAP IN BRUSHLESS DC MOTORS 143
Daniel B. Jones

DEVELOPMENT OF AN ALL DIGITAL BRUSHLESS DC SERVO SYSTEM 149
Hideo Dohmeki and Makoto Yoneda

MOTOR FIGURES OF MERIT AS A FUNCTION OF MOTOR SIZE 155
C. K. Taft and S. R. Prina

DC MOTOR PERFORMANCE MEASUREMENT USING ADAPTIVE PARAMETER ESTIMATION 163
Jeff Kordik

STRUCTURAL AND PERFORMANCE FUNDAMENTALS OF SINEWAVE-CONTROLLED BRUSHLESS SERVO DRIVES 173

Jaroslav (Jara) Tomasek

MODELLING AND CONTROL OF LINEAR MOTORS IN A GANTRY CONFIGURATION 183
Li-Cheng, R. Zai, Chan-Yong, D. Wong and Dennis G. Manzer

HARMONIC ANALYSIS OF STEPPER MOTORS 193
H. A. F. Ibrahim, R. D. Slater and R. R. Simpson

MAGNETIC MODELS FOR CANSTACK MOTORS 201
Robert Mastromattei, Steven R. Prina and Charles K. Taft

A NEW SELF-COMMUTATION METHOD FOR SWITCHED RELUCTANCE MOTORS 219
M. Crivii and M. Jufer

PARAMETERS AFFECTING STEP MOTOR SYSTEM SENSITIVITY 225
Albert C. Leenhouts

DRIVE CIRCUIT-BIFILAR HYBRID STEP MOTOR SYSTEM MODELING AND PREDICTION OF
CLOSED LOOP CONTROL STRATEGIES FOR AVERAGE TORQUE OPTIMIZATION 233

Maher Jaroudi and Ronald H. Brown

HIGH PERFORMANCE 2-PHASE AND 5-PHASE HYBRID STEP MOTORS 241

Masaru Kobori and James R. Hendershot, Jr.

HYSTERESIS EFFECT ON THE HYBRID STEP MOTOR STATIC AND DYNAMIC BEHAVIOUR 253
M. Jufer
A DAMPING CIRCUIT FOR BIFILAR HYBRID STEP MOTORS USING PHASE-LEAD COMPENSATION 259

Krishna Srinivas, Ronald H. Brown and Cheryl Ventola

MODULAR STEPPERS, LINEAR AND ROTATING 267
Kahesh K. S. Rao and Andrzej M. Trzynadlowski

TORQUE CALCULATION FOR HYBRID STEPPING MOTORS UNDER DYNAMIC CONDITIONS 271
A. P. Russell and I. E. D. Pickup

COMPENSATED ROTARY ENCODER 293

Pete Jacobson and Gerald Foshage



AN ASSESSMENT OF VARIOUS MAGNETIC
SIMULATION TOOLS

Wadce Cole
IBM Corporation
San Jose, CA

Introduction

Not numbcred among our objectives is any plan to
make dogmatic prescriptions for successful computer
modelling. What we scck to achicve in this short paper
is the sharing of our modelling expericnce in a develop-
ment laboratory whose principal mission is design and
manufacture of magnetic devices. But the sctting in
which magnetic design and devclopment is donc varies
widely. Such variation must be accounted for when
asscssing computer modelling tools. Moreover, human
factors enter cach situation and sometimes control
whether modelling can be truly effective. Somc engi-
neers entertain unrcalistic expectations from simulation;
others believe only in measurements. The authors
choose not to address this impondcrable human equation
cxcept to plead the casc for proper balance between cal-
culation and validation, between simulation and exper-
iment.  Also, choice of computing cquipment may well
be beyond the modeller’s control. If enly personal com-
puters are available, then choice of developed or pur-
chased simulation software is accordingly limited. The
authors have enjoyed the power of a workstation, which
includes considerable stand-alone computing power, high
resolution graphics and high spced connection to a large
mainframe. Cost considerations permitting, a computer
workstation is highly recommended for magnetic calcu-

lations.

In our view, the best of situations is when cach
development engincer personally uses modelling tools on
computer systems available in his working cnvironment.
But it can be argucd that (1) not cvery compctent
designer is comfortable interacting with computer termi-
nals, and (2) not cvery modelling program is all that
friendly to use, even by an cxpericnced simulation
cxpert. Hence, a sound balance between do-it-yourself
modclling and collaboration with simulation ecxperts
seems most likely to enhance computer magnctic model-

H. D. Chai
San Jose State University
San Jose, CA

ling for product development.

Over time we have grown a magnetic modelling
“center of competence.” Under its umbrella arc main-
tained an ensemble of simulation programs for use
throughout the devclopment laboratory. They range in
complexity from simple “early tools” running mainly on
PC’s to full three dimensional finite clement codes that
often require a large host machine. Some are “home
grown™ and distributed internally; others arc purchased
commercial packages. The expectation is that each engi-
necr will do as much of his own computer modelling as
possible. Simulation experts remain available to consult
and (when appropriate) to collaborate on a large simu-
lation projects. In this sctting, then, we describe com-
puter simulation methods (programs) that we routincly

cmploy for magnctic device modelling.

The Problem to Solve

We restrict our discussion to calculation of static
ficlds and forces. Clearly time varying phenomena are
crucial to device modelling and must, in a general sense,
be properly addressed. In simplest terms, we seck
approximatc solutions for the following subset of the cel-

cbrated equations of James Clerk Maxwell:

Vx A=1 (1a)
Ve B=0 (1b)
B = u(H)A ()

N A
where H is a magnetizing field vector, J a current density
vector and B a flux density vector. g is permeability of
the medium in which field values arc to be calculated.

H is thc magnitude of Hhat.



Flux Circuit Modecls

Equation la may be integrated over some properly

smooth open surface S:

J Vx Qed§ = Ij-d§ (3)
S S

Note that the right hand integral of current density over
S results in a total current I cnclosed by a boundary
curve T of S. Stokes’ thcorem can transform the left
hand integral of 3, provided that H has continuous first
derivatives and T enjoys a smoothly turning tangent:

A A
Hedl (@)

' A A
'VxH'dS =]
Js T

Jﬁodﬁ = ] ()
r

Equation 5 is simply Ampere’s Law asserting that a linc
integral of H-ficld around any closed contour equals the
current enclosed. If a given magnctic situation confines
most of its magnctic flux to highly permcable material
and specificd air gaps, then 5 provides a sound basis for
estimating magnctic paramcters. Pursuant to that, con-

sider rewriting 5 in terms of B instead of l{\{, using 2:

in which p is taken to mean relative permeability and
is the permeability of free space. Dividing a configura-
tion of iron and air into picces, each with prescribed
length and cross scctional areca, provides a basis for
representing the integral above as an approximating

sum. Such a sum is,

n

mgA ’

in which ®@; is magnetic flux (product of B and arca) , L;
is length and A; is cross scctional arca of the i th picce.
For n picces, an analyst must prescribc n independent
loops in order to imply n linecarly independent equations
which may be solved for the ®; . Observe that, if 2
applies as writlen, the equations arc non-lincar: matrix
cocfficients (the branch reluctances) will depend on B-H
Right
hand sides will be applicd mmf (eg. in amperes), cither

properties of material composing the branches.

from current in windings or from magncts in the loops.
Magnets, of course, may introduce additional non-
lincarity into the situation.

It has long been practicc to obtain estimates for
magnetics problems by using a “lumped parameter”
approach as describcd above. Working by hand an
analyst views thc topology of his magnetic circuit and
“writes down” branch equations from loops he traces
out by cye. In so doing, he can sce how many unknowns
arc required, namely, as many unknowns as therc are
indcpendent loops. Often, by visual inspection, prob-
lems may be greatly simplified and the number of
unknowns and cquations reduced (sometimes dramat-
ically) by rccognizing particular features of the given sit-
uation.

We chose to implement this flux-circuit model as
general purposc computer programs. It is difficult to
match the ability of a human being to rccognize inde-
pendent loops in a circuit. Hence, instcad of solving
branch ecquations it proves convenicnt to solve nodal
cquations. Viewed in terms of its nodcs, any magnctic
circuit provides just onc cquation and onc unknown for
cach node. For cvery node except one, such an cquation

(for the j th nodc) is of the form,

K
zpij(uj —u) = D, (7)
=1

in which Py is permeance of that branch joining i th and
j th nodes, and u represents node potential (mmf). @,
represents prescribed flux from branches with windings
or magnet branches connccted to node j.  Equation 7,

which denotes k branches connected to node j, is purely



formal and does not reflect a finished situation in which
all nodes and branches have been properly numbered
and a corresponding cocfficicnt matrix defined.

We have described the flux circuit model in some
dctail because we find it to bc a powerful tool when
available as casy-to-use computer programs. Flux circuit
modelling by a skilled designer can be astoundingly
cffective (Ref. 7) Magnetic simulation software based on
the flux circuit model ecmbodics concepts familiar to
magnetics designers, is cost cffective to preparc and
apply and well serves as convenient checkpoints for
results from other more complex modelling techniques.

We developed three flux circuit programs, namcly,
Maxboe, Maxnet and Maxslv. Maxboe is a full screen
interactive magnetics formula cvaluator and units
tracker. Maxnet provides a full screen interactive vehicle
for defining flux circuit models and Maxslv calculates
lincar/nonlincar solutions of generated nctworks. Per-
sonal computer solution times for flux circuit networks
rarcly excced a few scconds to several minutes. It
becomes possible, therefore, to try many configurations
and materials for carly design steps or make quick inde-
pendent checks of data from other solution methods.

Finite Element Modcls

To fulfill objectives of this paper we sketch just one
possible derivation of a finite clement mcthod as applicd
to magnctostatic simulation. Under assumption that
sources of H are localized (cg. in current carrying con-
ductors) a total  can be cxpressed as the sum of that
duc to sources and that duc to stray ficld from

magnetized material:

The l:\l,,. ficld has zero divergence and curl, that is,
A
VeH,=0
A
VxH,=0

which implics cxistencce of a magnetic scalar potential

function U satisfying,

Vo (uVU) + Vo (uf1,) =0 ®)
from which ﬁm may be calculated as a gradicnt:

H,=-VU

m

Solving equation 8 by a finitc clement method requires
subdividing (meshing) a prescribed “solution space” into
contiguous subregions over cach of which the unknown
potential function may be adequately represented by
simple algebraic functions, say polynomials of degrcec one
or two. Not only that, but other sometimes tedious and
vexing details must be attended to, such as prescribing
proper conditions on boundaries of the solution spacc.
Two dimensional meshing may at lcast be semi-
automatic. Three dimensional meshing is harder. All
these matters of data preparation arc donc in a preproc-
essing step, like preparing the flux circuit network noted
above. After an associated FEM solver has calculated
values (U) at the

postprocessing step is typically ecmployed to calculated

potential meshed  nodes, a
ficlds or other paramcters of interest to the modecller.
On balance, it should be plainly stated that in spitc of
substantial progress toward making FEM magnetic
modelling software casicr to usc, such programs still

rcquire a fair amount of undecrstanding, paticnce and

skill to employ. Even such things as whether nonlinear
itcrations arc converging, whether Newton steps or
simple update itcrations arc going to work best in a
given situation bccome a concern of the FEM user.
That is the bad news. The good ncws is that (where
appropriate) full nonlincar three dimensional FEM ana-
lyses can provide excellent estimates of gap flux, B-H sit-
uation in iron parts, operating points of magnets, and
the like. In contradistinction to the flux circuit modecl,
FEM can also provide good cstimates of stray ficlds in
air surrounding magnctic material, which may be crucial

in compact design situations.

Boundary Element Modecls

The general magnetostatic problem may also be lor-
mulated as a Fredholm integral cquation of thc second
kind:



(et UL 1 I K(s,)U(U)dt +2U,(s)  (9)
S

T

where U(s) is a magnctic scalar potential, S is a

boundary of magnctic material whose relative

permeability is ¢ and K(s,t) is a prescribed function
whose form depends on details of formulation and on
whether there are two or three space dimensions. U, is
an applied potential from current in conductors or from
permancnt magnets in the ncighborhood of magnetic
material. Solving equation 9 gives distribution of poten-
tial on material surface. Companion formulas definc the
potential everywhere clse, so that distribution of ficld
may be calculated.

Typically, using BEM software is casier than FEM
software. First, the dimension of the original problem is
reduced by onc. This mcans that for a magnctostatic sit-
uation in two dimensions, the modcller must only
“mesh” simple closed curves bounding regions of iron.
In three dimensions only two dimensional surfaces of
material must be meshed. Recall that in FEM meshing
all of solution space is requircd. For BEM only iron sur-
faces need be meshed. One price of this simplification is
that permcability of thc iron rcmains constant in the
interior. Somec BEM implementations provide optional
interior meshing to permit estimating volume divergence
of ficld. Sccond, gencral boundary conditions for sol-
nced not be prescribed as these arc

ution space

accounted for in the solution formulation. In all,

problem preparation, such as meshing and other
attendant details, are not as demanding for BEM as for

FEM magnectic softwarc.

Making Surc Answers arc Right

In the world of American jurisprudence an accused
is innocent until proven guilty: in magnetic simulation an
answer is wrong until proven correct. In our experience
all cffort expended to establish correctness is well spent
indeced. We sce three ways to ecstablish correctness,
namely (1) comparc with mcasurement, (2) calculate
results in more than onc way and (3) assure that answers
arc sclf-consistent. Experience keeps a dear school: we
have learned not to belicve automatically that measurc-

ments are correct. Rather, we try to balance measurc-

ment and calculation in an even-handed manner.

By way of illustration we include Figure 1. It
shows comparisons of calculation and mcasurcment for a
simple current energized iron yoke with narrow air gap.!
Gap ficld was calculated by flux circuit, BEM and FEM
models and compared with mcasurcment. Since flux is

confined to iron and narrow gap, the flux circuit modecl
provides a salutary result. But the other models can also

show how field varics in gap and iron and providc esti-
mates of stray ficld in the neighborhood of the device.
For the particular case reported in the table, we must
ponder, however briefly, why the flux circuit estimate is

actually closer to measurement than cither of the others.

Flux 2d 3d Measured
Circuit BEM FEM Value
495 T 486 T 465°T 510T

Figure 1. Gap Field Comparisons in Test Yoke

Purchasing Simulation Software

During the past decade or so thc number of com-
mercially available magnetic simulation software pro-
ducts has incrcascd dramatically. It is impossible to
decide from an advertising brochure whether a particular
offering can do the work the modeller intends for it.
Here are somc practical considerations for making a

sclection:

1. All magnctic simulation software is not creatcd
cqual. Beyond the broad distinctions in formulation
sketched above there are further differences in capa-
bilities, graphics, documentation, support and cost.

copy-
protecting the softwarc can range from casy (o

Even mecthods of charging for usc and
accept to oncrously inconvenient.  These often
vexing matters of detail should be well in hand

before making a decision to buy.

2. By all means, arrange for more than a simple dem-
onstration. Money spent for a one to three month
trial lcase is well spent. Of particular importance,

especially for threc dimensional modclling, arc pre-

processing (data preparation) and postprocessing

(results presentation) facilities.  Only by running



case after carcfully sclected case can the prospective
buyer tell whether softwarc designers realistically

perceived how happily a human being would fare

whilc using their creation.

3. Assure that the vendor will provide accessible,
fricndly and competent consultation service with the

product.
Epilogue

Finally, we include the following table of magnetic
simulation software we currently ecmploy. For the future
we anticipate additional entrics in such a table to mecet
the ever growing and changing simulation requirements

of our laboratory.
Program Description and Status

Flux Solver Flux circuil solver as decscribed above.
Distributed for personal use on PC's

around the devclopment laboratory.

2d-BEM (1) Two dimensional boundary element mag-
netic solver. Heavily uscd over several
years through terminals attached to large

host machines.

2d-BEM (2) Two dimensional lincar/nonlinear mag-

nctic solver for PC.

3d-FEM Full nonlincar three dimensional mag-
nctic/clectrostatic solver with high resol-

ution pre- and post-processing graphics.

3d-BEM Three dimensional (linear) boundary
element program for usc on worksta-
tion/host with companion pre- and post-

processor.

L;

2.
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The Design of A Minimum-Power-¥CM for A Very Short Seek Time

Wen-Wei Chiang
Robert Mizrahi

IBM Research Division
Almaden Research Center
San Jose, California 95120

ABSTRACT

This paper describes in detail how a voice coil motor
(VCM ) was dimensioned for use in a rotary actuator
test system. The design of this VCM conforms to the
requirement of a very short seek time ( 7 msec ) with
a minimum amount of power.

This paper complements two other papers previously
published by the primary author which present a the-
oretical analysis for the optimization of a motor de-
sign.(12) A person without much previous experience
will be able to start designing high performance VCM's
by following the procedures in these papers.

INTRODUCTION

Previous research by the primary author(!) resulted in
a systematic analysis of the performance parameters
of any D.C. motor which operates under constant
voltage and has to start and stop in a given time (
seek time ). The optimal design point to achieve the
minimal seek time with a fixed amount of power, or
vice versa, can be determined directly once load inertia
and displacement are specified. Another paper by the
primary author(® also described how the three primary
design parameters: power dissipation, power rate,®
and motor coil location, are determined for the VCM
of a magnetic disk drive rotary actuator test system
which achieves a 7 msec average move time.

After the authors developed the theoretical analysis, it
became important to demonstrate how the latter can
be used to develop a piece of hardware, and to verify
experimentally the accuracy of the theory. This paper
describes in detail how those primary design parame-

ters are converted to mechanical dimensions of a VCM
and its test system.

REVIEW OF PREVIOUS RESULTS

Previous analysis result® indicated that under a con-
stant voltage seek profile, the seek time decreases as
the motor torque constant, or the power rate, increases
when increasing the magnetic field, and the gear :w.a-
pling ratio should be set according to that to minimize
the seek time. However, there exists an asymptotic
limit for the seek time as the torque constant increases.
High magnetic field also create high back EMF, which
limits the maximum motor speed at a constant voltage.
Therefore, an optimal DC motor should be designed
with the proper amount of magnetic field when the
effect of further increased field strength in reducing
the seek time starts to decrease.

A dimensionless contour plot showing the normalized
seek time (¢r/ B) as a function of the motor charac-
teristic a and the normalized gear coupling ratio vy, is
shown in Figure 1. It was developed from that study
and indicates the relations between the three motor
design parameters. The study indicated that the opti-
mum design is obtained for ] <a<2and 0.6 <y < 1.

DESCRIPTION OF EXPERIMENTAL SETUP

A 3.5" magnetic disk rotary actuator test system was
designed to test the mechanical behavior of the actuator
driven by a VCM. It was also intended to test the
VCM in order to check the theoretical analysis on
which its design was based.
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Figure 1: Solid contour lines indicate normalized move time ¢/ B, and the dotted line shows the optimal coupling
ratio y * for each value of the motor characteristic a.

Design Goal

The test system has a rotary actuator with two arms
each of which holds a suspension and slider assembly
which accesses either side of a single 3.5" rigid magnetic
disk. The goal of the design is to develop a VCM
with sufficient torque for moving the actuator in 7
msec, excluding settling time, over one third of the
data band width which is considered to be the average
track seek distance.

Load Condition

The lengths of the two actuator arms was chosen to
position the read/write head at 54 cm from the actuator
pivot axis, their thickness and width were chosen so
that its natural frequency would be higher than 2 KHz.
Since their size is set, so is their inertia which is the
main component of the inertial load on the VCM,
excluding that of the coil. This load was estimated to
be 1.84 x 10~%kg-m?%. The data band is 19 mm wide
for a typical 3.5" disk drive. It follows that the angular
displacement of the rotary actuator should be 0.35

radian, and one third of which ( 0.116 radian ) is
conventionally called the average seek distance.

VCM Design

One of the previous papers@® has described in detail
how the three primary parameters : power, power
rate, and coil location are determined. For our tester
we calculated that the the VCM needs 1.82 watts of
power, a power rate of 905 watts/sec at the start of
the seek when the velocity is zero, and must have the
center of the two active lengths of its coil located at
20 mm from the actuator pivot.

Coil Assembly Design

It was decided to wind the wire on a TORLON core;
it can withstand a temperature of 200°C and has a
specific gravity of 1.4. Aluminum wire was chosen for
its lower mass density and electrical resistivity product
value over copper alloys. 1.82 watts of power requires
0.158 ampere of current if 11.52 volts is applied to



the coil, and the coil has to provide 72.99 of resistance
to match the voltage and current. Using the empirical
current density 12.5A/mm?, it is found that 5 mils of
diameter ( 36 AWG ) is required for the round alu-
minum wire. From the resistance per unit length of
the wire, and assuming 30% increase of the resistance
when the coil heats up during operation, it is found
that the total length of the wire should be 26.8 meters,
and the tota: ;.aass of the aluminum wire used for each
coil is 9.03 x 10~ %g.

The total volume occupied by the aluminum wire
when making the coil assembly is calculated by as-
suming that each circular cross section of the wire
occupies a rectangular space with each side equal to
the diameter of the wire plus coating thickness (0.147
mm), and additional 30% of void space is needed for
the epoxy to fill in when “random wound” method is
employed. The “random wound” method is employed
because “layer wound” is impractical for the pancake-
shaped flat coil design. Therefore, the total coil volume
occupied the wire is calculated as
(1.47 x 104" x 26.8 x 1.3 and itis 7.53 x 10~ "m?, or

753mm3,

A pancake-shaped flat coil geometry design is chosen,
and its geometry is shown in Figure 2. The coil has
a trapezoidal shape, with the center of the two active
lengths at 20 mm from the actuator pivot axis. The
two converging sides, which are located in the magnetic
gap, are separated by 0.52 radian to provide enough
angular stroke for the actuator to cover the whole
data band ( 0.35 radian ), plus some margins to avoid
the edge of the magnetic gap where the magnetic field
is weakened by leakage. The converging ends of the

RESULTANT 2.5
FORCE
M~

DIM’S IN MM

Figure 2: Top view and cross section of the YCM coil
assembly.

coil is 11.66 mm away from the actuator pivot axis
so that enough space is left for the bearings in the
actuator hub. The length of each turn of the wire is
found to be 60.4 mm, and a total number of 444 turns
can be calculated based on the total wire length of
26.8 meters.

The coil cross section can be calculated by dividing
the total volume occupied by the wire and epoxy, by
the length of each turn as 753 / 60.4 = 12.5mm?. The
width ( along the coil radial direction ) and the thick-
ness ( along the coil axial direction ) of the coil should
have a product equal to the cross section area just
calculated. A smaller thickness requires a thinner
magnetic gap, but it results in a wider coil, which
requires a larger area of the magnetic gap. Therefore,
the coil’s cross section dimensions should be such as
to minimize the size of the magnet, and still conform
to the space constraint. These dimensions should also
be chosen so that the coil can be manufactured easily.
For this design we chose a thickness of 2.5 mm and
a width of 5.0 mm. The fabricated coil had 444 turns
and measured 2.5 x 3.5 mm as shown in Figure 2.

Magnet Assembly Design

Previous analysis estimated that the the total moment
of inertia of the VCM coil and its core is
6.77 x 10~ "Kg-m? when the active lengths of the coil
are located 20 mm from the actuator pivot axis. In
order to develop 905 watts/sec of power rate with
0.158 ampere of current at the beginning of each seek,
the motor torque constant has to be 0.157 N-m/Amp.
The active length of the coil which is acted upon by
the magnetic field is roughly 53.2% of the total length
of the coil. Consequently, it can be found that the
field strength required is 5.5 K Gauss. Allocating 4
mm for the gap, and assuming the remanence of the
NdFeB magnet to be 10 K Gauss, it is found that
each of the magnets located on either side of the coil,
should be 2.5 mm thick. Two pairs of such magnets
arerequired to create two zones with opposite magnetic
field direction, each for one side of the VCM coil, so
that torques produced by these two sides are in the
same direction. Figure 3 shows the top and end views
of the magnet assembly design.

Back and side iron plates are required to direct the
returning magnetic flux. The magnetic saturation level
for iron is 13 K Gauss, and the thickness of iron plates
should be chosen to avoid saturation. Assuming half
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Figure 3: Top view and cross section of the magnet as-
sembly.

of the magnetic flux is returned from top to bottom
of the gap through the side iron plate, and half is
returned from left to right through the back iron plate,
then multiplying the cross section area of the gap by
5.5 K Gauss gives the total flux, and half of it should
be divided by 13 K Gauss to give the cross section
area of the side and back iron plates. Therefore, their
cross section area should be
(21.3 x 16.5) x 5.5/ (2 x 13) =74.4mm?, which means
the back iron plates should be 74.4/21.3 = 3.5mm
thick.

Test System Mechanical Design

All the dimensions given for the coil, hub, arms, sus-
pensions, and magnet assembly were such as to allow
two actuators to fit side by side in the standard 3.5"
disk file envelope (145 x 100 x 40 mm). Since the ac-
tuator was going to be driven back and forth constantly
without a'stop for a change in direction, the rotating
mass would have to have a bearing stiffness large
enough to obtain a natural frequency two to three
times that of  the driving frequency
(1/ (2 x 7 msec) = 71 Hz). The shaft had a diameter

10

of 6 mm, the bearings were set far apart and had an
axial preload of 1.5 Kg. They were set on either side
of the actuator. One bearing was embedded in the
base plate, the other one set in a heavy bridge fastened
to the same base plate.

The hub was shaped like a clamp so that its location
on the pivot could be set to suit the exact height of
the disk above the base plate. Two copper strips were
connected to the two ends of the coil and were set on
a strip of polyimide fastened to the hub. Room for
the curling and uncurling of the strip had to be gouged
out of the base of the bridge. Figure 4 shows an
isometric drawing of the test system, with the top of
the magnet assembly raised to show the inside of the
VCM.

TEST RESULTS

Some parameters of the VCM built are measured and
compared with their design values, and they are listed
in the following table:

Parameter ( unit ) Actual Design
Resistance ( 2 ) 75 72.9
Current ( Amp ) 0.16 0.158
Power ( watts ) 1.92 1.82
Total wire length 33 26.8
(m)

Wire in gap ( % ) 45 53.2
Wire in gap (m ) 14.8 14.3
Gap field 5.4 3.5
( K Gauss )

Load M.O.IL. 191 1.84
( 10~%g-m? )

Motor M.O.I. 0.56 0.68
(10~%kg-m? )

Power rate 1245 905
( watts/sec )

P 1.24 1.09
B( msec ) 2.37 2.39
y 0.54 0.607

The moment of inertia were not measured but calcu-
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Figure 4: Assembly drawing of the 3.5” disk drive actuator/VCM test system, achieving 7.2 msec move time for aver-
age seek.

lated from the CAD drawings because of the difficulty
in measuring them. The table above shows that the
actual test system did not deviate too much from the
original design. The total wire length is calculated
based on the coil resistance at room temperature and
the wire’s resistivity per unit length. The actual total
length 33 meters is more than the design value of 26.8
meters because radii of curvature of the wire around
corners get larger as the coil layer grows wider in the
radial direction, which also cause less percentage of
the wire to be located in the gap. However, the total
absolute length of wire located inside the magnetic gap
is still the same, and the total amount of torque pro-
duced is not affected.

12 V D.C. with alternating polarities was applied to
the VCM coil to test the actuator speed during seek.
An optical encoder disk was attached to the rotating
shaft to measure the angular displacement. The en-
coder signal is fed back with a small gain to the VCM
driver to prevent the actuator from drifting away from
the desired range of motion.

The period of the alternating D.C. voltage is adjusted
to obtain 0.116 radian peak-to-peak angular displace-
ment. Test results are recorded on a storage oscillo-

scope, and are shown in Figure S. They indicate that

Figure S: Test results of the 3.5” rotary actuator/
VCM test system, showing the alternating constant
coil voltage (¥), coil current (I'), and angular position
(6). 7.2 msec is required to move between extreme po-
sitions.



