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A New Tracking System for Magneto-Optical Disk Drives
—Part I: Design
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To reduce the average accessing time of a magneto-optical(MO) disk drive, which is a severe
drawback of current products, a newly developed moving-magnet type tracking actuator has
been implemented and will be tested. The moving-magnet type actuator meets the following
objectives which the known prior actuator designs have not been able to satisfy: providing

sufficiently high magnetic force constants over essentially the whole stroke length of the

actuator, achieving extremely rapid accessing time while providing a mechanically stiff carriage;

eliminating the carriage thermal expansion which causes a head misalignment on disk tracks;

eliminating flexible cable connections to the moving parts; providing a very compact design, and
reducing the cost of manufacturing. Computer aided design using magnetic circuit theory is
applied for determining optimal design parameters for the actuator.

1. Introduction

Magneto-optical disk(MO) is a memory device
which reads and writes data optically using a
magnetic field. Because the MO disk systems are
erasable they are being increasingly used as com-
puter external memory device. The MO disk has
some advantages over the traditional magnetic
floppy disk drive, namely, a higher capacity due
to a high track density, and less susceptibility to
mechanical wear because only the laser beam
affects the surface of the magneto-optical disk. On
the other hand, it has one significant disadvantage
compared to magnetic system, namely, its slow
accessing performance which results in a low data
transfer rate. The relatively sluggish performance
of MO drives derives from a few factors: The
reading/writing mechnisms of MO drives need
two degrees of actuation, which are tracking and
focusing actuations, and they lead to a heavy
actuator. Many optical components required for
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transmitting and receinving a laser beam also
make the system heavy. As another factor, the
small track pitch causes tracking difficulties. Note
that all of the causes of slow accessing are related
to the immaturity of magneto-optical recording
systems. Lighter heads, improved actuators, and
more powerful lasers will facilitate much faster
magneto-optical disk systems. Currently the ave-
rage accessing time, defined as the time to move
1/3 of a full stroke, in magneto-optical(MQO) 5.25
inch disk systems is greater than 100 ms. By
comparison, in magnetic disk systems, accessing
times as low as 20 ms have been produced.

To enhance a understanding of the MO disk
systems, a driving process of them is investigated.
Two separate tracking servo mechanisms tradi-
tionally have been used in the tracking operation
as a tandem coarse and fine positioner. In the
tracking operation, the moving part or tracking
actuator which has an objective lens and a focus-
ing actuator is driven radially to the target track
as shown in Fig. 1. It is first coarsely positioned
to the vicinity of the target track with an accuracy
of £1 pum. Next it is finely positioned by a fine
positioner such as a galvano-mirror with an accu-
racy of 0.1 um. In this tracking operation, most
of the time is spent on coarse positioning. There-
fore, it is necessary to develop a coarse positioner
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which is capable of fast positioning and * 1um
accuracy. This effort is the thrust of the research
reported here.

All of the designs used in current products
adopt moving-coil type actuator, where perma-
nent magnets are fixed in a base frame while the
electromagnets can move. However, the moving
magnet type actuator, which has the opposite
situation, has many advantages over the moving-
coil type of actuator. First, the moving-magnet
type actuator permits a compact (low mass) de-
sign of magneto-optical disk systems, which
means higher acceleration for the same force.

Second, heat is generated by the coils in either
actuator type, but it is easier for the moving-
magnet type actuator to dissipate heat because the
coils are stationary. Moreover, since the coils are
part of the moving structure in a moving-coil
actuator, the accuracy might degrade due to tem-
eperature changes.

Third, the moving-magnet actuator requires no
power source in its moving parts. Thus it can
move freely while the moving-coil actuator
requires the moving parts to be tethered to a
power source.

Fourth, in the moving-magnet type actuator the
cost of manufacturing is lower because the perma-
nent magnets can be much smaller than the ones
which are used in the moving-coil type actuator.
The cost of permanent magnets scales roughly
with their volume, and they represent a significant
fraction of the material costs in magnetic systems.

In conclusion, the moving-magnet actuator is
adopted for the development of magneto-optical
disk driving actuator in this work because it

offers a simple and compact design which pro-
duces high acceleration. This type of actuator is
much less sensitive to temperature changes than
the moving-coil type of actuator, which can serve
to improve accuracy.

A new linear tracking actuator which theoreti-
cally can achieve less than a 25 ms accessing time
at the required accuaracy for a 3.5 inch disk
magneto-optical system is presented.

In Sec. 2, basic equations for developing the
tracking actuator are derived. In Sec. 3, design of
the tracking is introduced. Servo control system
and experimental results in terms of speed and
accuracy will be provided in Part 2.

2. Force Characteristics of an Air
Core Solenoid and Permanent
Magnet System

2.1 Analysis of forces in magnetic fields

For a point dipole moment m in a magnetic
field B, the force that the magnetic dipole moment
experiences can be derived by applying the Lor-
entz force law, and this is expressed in a vector
form (Griffith, 1989).

F=(m-V)B. (N

Also, the torque on the dipole is expressed
(Pelrine, 1988)

T=mxB. (2)

When a permanent magnet is in a steady state

condition with z as the pole face axis and the axis

pointing to the surface of an air-core coil (i.e. my

=m,=0), Egs. (1) and (2) can be simplified to

_ 0Bx

Fr=mz oz (3)
—, 0By

Fy=me7 4
_ . 0B.

Fz=m; 3z (5)

T=— Mszi + szxj, (6)

where { and j are unit vectors in the x and y
direcrtions respectively. Egs. (3)~(6) will be used
to compute the forces and torques experienced by
permanent magnets in the tracking actuator devel-
oped here.



A New Tracking System for Magneto-Optical Disk Drives (Part I: Design) 257

Solenoids and permanent magnets or electro-
magnets are used in pairs to produce a force
tracking actuator. Air core coils have a few
advantages over iron cores in that they have no
hysteresis, no eddy current loss, and no saturation
of flux density. These characteristics all serve to
increase the accuracy which can be achieved.
Permanent magnets are being used in many appli-
cations of small magnetic systems because they
can supply a sufficient force and they are suitable
for compact design. Hence for design of new
tracking actuator, one would prefer using air core
solenoids paried with permanent magnets.

Figure 2 shows the cross-section of a solenoid
with a unit dipole moment suspended above it. In
Fig. 2, A, Ro» #0. Mo dw and [, indicate the
inner radius, outer radius, number of layers,
number of turns per layer, wire diameter and air
gap between the permanent magnet and the
solenoid respectively. In this and subsequent sec-
tions of this article we will examine the force
characteristics of permanent magnets by consider-
ing the air core solenoid and point dipole.

There are two types of forces present in a
permanent magnet / solenoid system: radial force,
F, and axial force, F,. The general trends of

z Permanent
magnet
dw
] Ig
n. lavers x
Air-core
solenoid
[=Mo turns

perlayer Ao Ro

Fig. 2 Geometry of the air-core solenoid

Air-core
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(a) In the radial direction
{b) In the axial direction
Fig. 3 Force characteristics in a solenoid

those forces are drawn in Fig. 3. F, has a con-
stant value in a wide range. In addition, control
can be accomplished easily because F; is propor-
tional to the supplied current. 5, has a maximum
a little away from the surface of the solenoid and
then decreases steeply. F, is a function of both
supplied current and displacement, and has a big
force in a small range. From these results we
choose F, for the tracking actuator because a
long range of tracking motion is required. More-
over, F, provides a constant force characteristic.

2.2 Acceleration capability in the moving

magnet type actuator

Let us investigate how much acceleration can
be obtained in the moving-magnet actuator with
the air core solenoid. Assuming a unit dipole
moment for the permanent magnet, the radial
force varies according to the coil geometry.

Figure 4 shows the force characteristics for
different coil geometries. These results are
obtained by assuming a 25 g unit dipole
moment, 0.5 mm wire diameter, 1 mm air gap,
and 5 A of current. The number of turns per layer
is fixed to 40. As the number of layers increases,
the radial force, Fi,, increases; however, the range
of constant force decreases as shown in Fig. 4. A
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Fig. 4 Force characteristics for different coil geome-

tries
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wide range of high constant force is required for
fast accessing over the necessary tracking dis-
tance. In Fig. 4, case (b) for example, provides a
force of 23 mN with 25 mg of unit dipole
moment. Thus, the acceleration 4 obtainable in
this coil geometry when using 1 A is g=Fs4/
(5 + mass) =184m/s*~20 g's.

If bang-bang control is used for a minimum
time control, maximum acceleration will act untill
the tracking actuator reaches half of the required
displacement, at which point a maximum decelera-
tion will act untill it stops on a target track in the
allotted time ¢. Provided that the maximum
acceleration is equal to the maximum decelera-
tion, the average track seeking time, £, is expres-
sed by

te=2, /7, (7
where x,q,. is a total moving stroke. But Eq. (7)
does not include the settling time required for the
tracking actuator to slide smoothly toward a
target track. Hence, the average access time, {,,
which includes the settling time can be expressed

by
tav=3,/—’€§;i. (8)

Here, the settling time is assumed to take the half
of the access time (Hertrich, 1965). From Eq. (8),
we can expect {,, to be as low as 17 s for a 3.
5 inch magneto-optical disk drive (xmax=18 mm)
when the maximum acceleration is 184 /2

However, only the mass of the permanent
magnet was considered in estimating the accessing
time in Eq. (8). In reality, an additional mass is
required due to the structure to which the magnets
are attached, and this decreases the maximum
acceleration. In this paper, this fact is reflected as
setting the average accessing time to 25 ms.

The force required, F,, to move the tracking
actuator of mass s, one third of the distance of
a total stroke in an average accessing time is

Fp=enax, ©)
Since Eq. (9) neglects factors such as current rise
time, friction and settling time due to inefficient
control, it is appropriate to apply a correction-

factor of about 2 (Oswald, 1981) to the result. If
there is a time delay in an electric circuit cha-
racterized by a time constant f,, the pure time
available for acceleration can be considered as
(top— t.). Therefore, the compensated and delay-
corrected required force is

F=L 0, (10)
av e
Provided that ¢, is small enough to be negligible,
which is dependent on the quality of the current
source, the force required for 25 s accessing
time in a 3.5 inch magneto-optical disk drive, for
example, is 85.4y,. When #,is 20 g, F,=1.7 N.
To estimate how much mass of permanent
magnets is required for producing F,=1.7 N, we
refer to Fig. 4(b). 9.25 g of permanent magnets’
mass is expected for 1 A.

3. Design of the Tracking Actuator

3.1 Design concept

From the previous analysis, we can anticipate
the performance of system of magnets and
solenoids. A good candidate design for the
magneto-optical tracking actuator is shown in
Fig. 5. If four magnets are arranged with magnetic
dipole moment orientations as shown in Fig. 5(a),
we have four times as much force as when only
one magnet is used. This arrangement also cancels
unfavorable forces and torques, thus reducing the
friction between the magnets and the structure.
The four magnets are driven simultaneously by
the same current. The geometry of the magnets
and solenoid are described in Fig. 5(b).

First pair Second pair
of magnet of magnet

==

T
(a) (b)

Fig. 5 (a) Forces and torques acting on four mag-
nets hanging above and below a solen-
oid with different magnet dipole moments

(b) The geometry of the tracking actuator




A New Tracking System for Magneto-Optical Disk Drives (Part I: Design) 259

In order to progress further on the design, it is
necessary to remove the assumption of a unit
dipole moment by introducing the parameters of
real permanent magnets. As Eqgs. (3)~(6) indi-
cate, the dipole moment of the permanent magnet
is the most important parameter, and the higher
the moment, the higher the generated forces and
torques. Rare-earth magnets are an advanced
group of recently developed magnetic materials
which combine high remanence with high coer-
Among the rare-earth magnets,
neodymium-iron-boron(NdFeB) magnets are far
less subject to cracking and chipping than
samarium-coblat (SmCo) magnets while having
lower specific gravity. Hence, NdFeB magnets are
suitable for the moving-magnet type actuator
whiclh requries small and light moving parts. The
magnetization of the NdFeB magnet }/, residual

civity.

remanence ¢,,, coercivity J,, and specific gravity
used for this work, are 0.00309 A/m, 1.15 T, 867.
6 KA/m, and 7.4 respectively.

Having chosen the permanent magnet material,
we can use Egs. (3) through (6) to determine the
dimension of the air core solenoid and permanent
magnets needed for the actuating force, but this
process of force evaluation requires much
computation. A small change in the design
parameters requries a new iteration of the entire
process. As an alternative rigorous numerical
solution, we used magnetic circuit theory as a tool
for developing a simplified mathematical model
based on lumped discrete elements rather than
continuum elements (Park, 1993). We used the
model to determine reasonable parameters for the
magnet and solenoid dimensions, and then mea-
sured the force produced in the resulting design.

3.2 Magnetic circuit design

A magnetic circuit is analogous to an electric
circuit except that voltage and current are re-
placed by magnetomotive force and magnetic flux
respectively. Flux paths are modeled as magnetic
reluctances or permeances which are functions of
material properties and geometry. Permanent
magrets can be modeled as constant magnetic flux
sources or constant magnetomotive force sources.

There are three expressions that are used fre-
quently to model magnetic fields. The first relates

the magnetic flux to flux density:
4= fB - da (11)

where B is the flux density in Tesla( Webers/
m?) and A is the cross-sectional area in square
meters. This equation simply states that the total
flux is the sum of the flux density components
normal to the area through which the flux passes.
The second equation relates the flux density, B, to
the magnetizing force, H:

B=uH=p,u-H (12)

where H is in gmperes per meter and y is
the permeability of the material. For convenience,
/¢ 1s taken as the product of two components: the
permeability of the free space, y,, and the relative
permeability of the material, z,. The third expres-
sion relates the magnetomotive force, 3, to the
magnetizing force:

SzNz':fH - dl. (13)

Since the magnetomotive force is analogous to the
voltage, the ratio of mmf to flux is analogous to
the inverse of capacitance in a ¢ circuit and is
called the reluctance of the magnetic circuit. That
is,
-3
§R~—¢;. (14)
Sometimes it is convenient to use permeance
which is the reciprocal of reluctance in represent-
ing the magnetic flux paths because the permean-
ce is directly analogous to electrical capacitance.
Because there are no fixed magnetic flux paths
in the moving-magnet actuator, we need to
assume that the magnetic flux flows in an imagi-
nary control volume so that the permeances can
be represented in terms of corresponding geome-
try and material properties. The permeances out-
side of the contro! volume are assumed to contrib-
ute little to the force in an air gap. This is justified
becuase the permeances outside of the control
volume have much smaller values than do the
permeances inside of the control volume. Another
assumption to be made is that the magnetic flux
density in an air gap is locally uniform. These
assumptions can result in an inaccurate absolute
force evaluation, but the magnetic circuit theory
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Fig. 7 Magnetic circuit model for the moving-
magnet type tracking actuator

still can be used to establish a relative comparison
superiority among magnetic systems.

Now lets’s apply magnetic circuit theory to our
proposed design as shown in Fig. 6. The symmet-
ric configuration of the magnetic circuit allows us
to model only one magnet and coil with the
dimensions described in Fig. 6. In this figure, the
inner diameter and the outer diameter of the
air-core solenoid are indicated by 4 and D. The
permanent magnet’s width, depth and height are
indicated by g, b, and ¢, respectively. The air gap
is indicated by /.. Fig. 7 represents a correspond-
ing magnetic circuit.

We have constructed a magnetic circuit model
that contains all design information through the
following steps.

(1) Circuit topology:

$, . Permeance of air-core.

£, . Permeance of air, from y=7, to y=1s.

D, . Permeance of air, from z=c+/, to 2=/,

for r<r<ra.

H4 . Permeance of air, from z=c¢c+/, to z=1,,
for »,<r» <.
D5 . Permeance of air, from r=y, to yr =1,
Hs . Permeance of air, from z=c+/; to z=0,
$o . Airgap permeance.
¢+ . Permanent nagnet flux source.
H= . Permanent magnet permeance.
9, . Permanent magnet leakage.
(2) Calculate permeances:
All permeances can be determined like below.

gy =Tter (15)
@ _ ”go(C+ [g)
BT Indr/r

. o+ 1y)

vln((rl+rz—a)/(2h) (16)
@3:0.571'/10([(7’1"’;’2*&)2]2_712) (17)
©4:0.57[#0(—[(71+172+a)2])2+ ") (18

_ muslct{y)

Ds= 2drv/r

o ”#O(C+lg)

T @] (nt et @) (19)
po—LEHar2L 20)
Po=0. 5Ll 1)
¢ro:abBr (22)
po=dpoldto) (24)

(3) Calculate an average flux density and force:
Figure 8 shows a simplified circuit model of the
system, where

— D12

Deor=gr20e (29)
— Dubs

@qu_ @463{‘@5 (26)

Dea=Peq1 + Deqz (27)

@13:@1+@3 (28)

Dis=91+ Do (29)

Defining $,,=%,+9, for simplicity and apply-
ing nodal analysis to the simplified circuit we
have two equations:

brotDm (J2—IJ1) =g (30)
*@eqlNl':'beqSZ"" ¢ro+«bml(82_%1)~ (31)
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Fig. 8 Simplified circuit model for the moving-
magnet type tracking actuator
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Solving the above equations for §,, we have

@l: ¢ro©eq~+16ml©eq1Nl‘ ) (32)
©9$eq+®g'ﬁml+'ﬁml®eq
The magnetic flux in an air gap, ¢, is H,3;. The
average flux density, B, is

— @Q(Séra;@eq +@ml©eq1Ni) ) (33)
ab (DgPeq+HePmit+ Omideq
Finally, the force F° can be calculated by using
the Lorentz force relation
F=Nef_/Bgl./ (34)
where N, is the effective number of turns in the
solenoid and / is an average coil length across
which the magnetic flux passes.
3.3 Parametric design of the
actuator
The effects of each of the solenoid parameters
on the radial force can be investigated using the
simplified mathematical model because all the
design information is included. First, let’s investi-
gate the force variation with respect to a perma-
nent magnet’s geometry when the permanent
magnet’s volume, V,,,, is kept constant and other
design parameters have the following designated
values.

tracking

l,=1mm, »=2mm,

r,=24mm, /=1!mm. (35)
If we set
Vimeg= abc :300[11111’13] (36)
and define
=@ ,_ b n_F
an“' am’ bn— bm, Fn_ " (37)

then, the normalized force, F, becomes a function
of both ¢, and b,, where ¢, and 5,, are maximum

Fig. 9 (a) Force variation with respect to the per-
manent magnet geometry
(b) Force variation with respect to the coil
geometry
(c) Force variation with respect to an air gap
along the radial distance

magnet dimensions, and these are chosen as 14
mm and 17 mm. F,, is the force at g=g¢, and 5
= pn and this is 2.1 on the normalized scale. The
force variation with respect to the permanent
magnet geometry is described in Fig. 9(a).

Second, let’s investigate the force variation with
respect to coil geometry when the coil volume,
Veoir 15 kept constant, and other design parame-
ters have designated values,

a=6 mm, p=12 mm,
c=4mm, /=11 mm. (38)

If we set
Veoit =1 ( 722"' 712) [=2X 104[mm3] (39)
and define

-n _n p_F 40
¥in 71m9 Yan 727", Fn th ( )

then, the normalized force, F, becomes function
of only », and #,,, where 7, and y,, are the
maximum dimensions of 7 and 5, and these are
chosen as 4 mm and 28 mm respectively. F), is the
force at ;= 71, and 7= 7y, and this is 1.6 on the
normalized scale. The force variation with respect
to the coil geometry is described in Fig. 9(b).
Third, let’s investigate the force variation with
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respect to the air gap /, along the radial distance
» when other design parameters have the fol-
lowing designated values.

a=6mm, p=12 mm, ¢c=4 mm,

[=11 mm, =2 mm, =24 mm (41)
and define
_r _ L _F
1’”’ rmy lgn‘ lgm’ Fn" Fm (42)

Then, the normalized force, F, becomes function
of only », and /;,, where 7, and /,, are maxi-
mum dimensions of » and /,, and these are
chosen as 24 mm and 5 mm, respectively. F, is a
force at » =y, and /,= /,,, and this is 0.55 on the
normalized scale. 7, 1s set t0 y,, The force
variation is described in Fig. 9(c).

From the magnetic circuit theory applied to the
moving-magnet type of actuator, we can deter-
mine, therefore, that the most important design
parameters are the permanent magnet geometry
and air gap size. Thus, a magnetic circuit for the
tracking actuator should be designed so that the
permanent magnets stay as close to the surface of
the coil as possible. The coil outer radius, y,, will
be determined by the total actuating stroke
required for the tracking actuator to move over
the data region in an optical disk. The coil inner
radius has some freedom in its determination
because it has little influence on the force.

Based on the pemanent magnets’ mass require-
ment and results of the application of magnetic
circuit theory, the magnets chosen for the tracking
actuator have the dimensions of g=6 mm, p=12
mm, ¢=4 mm, and the air core solenoid for a 3.
5 inch disk drive has the dimensions of 7 =4 mm,
D= 48 mm, N=1370. 1If
represented as normalized parameters, g,=0.42,
b,=0.71. From Fig. 9(a), we predict that the
force exerted with these design parameters is
about 2 N using ! A, which meets the force
requirement to achieve 25 ss accessing time. the
actual froce exerted from this magnetic circuit

= 12 mm, and

desgin needs to be verified by an experiment
because the value from the magnetic circuit theory
may not be accurate.

To investigate the static characteristics of the
tracking actuator, Fig. 10 shows an experimental

result for the force distribution as a function of
radial distance with a current of 0.54 when two
permanent magnets are arranged above and
below the coil and facing each other. Here, we
predict that the force exerted is about 1.8 N using
1 A. From the results obtained with magnetic
circuit theory and the experiment, we can con-
clude that the forces are almost alike to each
other.

To increase the force, two other magnets are
placed a distance, d,, from this permanent magnet
pair on the opposite side of the core(see Fig.
5(a)). The force which results from the experi-
ment using only one permanent magnet pair can
be described in a closed form by employing a
curve-fitting technique. Then the symmetric place-
ment of the second pair of the magnets allows us
to find the force for the entire magnet/solenoid
system assuming no interaction between the pairs
of magnets. The distance between the pairs of
magnets, d,, can be chosen by iteration so that the
net force is high and constant over a wide range.
Using this approach,the magnetic circuit shown
in Fig. 5 was designed to exert 0.8 N for 0.5 4.
With this, the proposed tracking actuator is capa-
ble of exerting a force of 1.6 N for a current of 1
A, and the force constant K, which is defined as
a ratio of the force per unit current, is 1.6 N/A.
We also can predict that a current of 1.1 A is

a 50
>
5 40
(=]
= & X
s
30
(-]
20
10 . v v
0 10 20 30
Radial distance (mm)

Fig. 10 Force distribution of tracking actuator over
the radial distance
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Linear ball
bearing

Base

Glass rod

Fig. 11 Configuration of the developed linear track-
ing actuator

Table 1 The specifications of the tracking actuator.

Product design

Coil resistance 16.5 Q

Number of turns 1370(50 turns x 27 layers)

Mass of permanent 10g
magnets

Mass of actuator 22g

1.6 N/A

Force constant

Power consumption per 1w
unit current

required for exerting the necessary force to
achieve 25 ms accessing time. The force constant
will be used as a system gain in control of the
tracking system.

Figure 11 shows the final design of the linear
tracking actuator to be used in the magneto-
optical disk drive. To reduce the mass of the
actuator, two glass bars are used as the structure
to which the magnets are attached. The shafts are
connected together at both ends to increase the
structural stiffness. The system specifications, all
of which are design parameters or directly calcu-
lable from them, are given in Table 1.

4. Conclusion

A new actuating mechanism for magneto-
optical disk drive systems which reduces the track

accessing time has been desgined. A moving-
magnet type of actuator is adopted for this work
because it offers a simple and compact design of
magneto-optical disk systems yet produces high
acceleration. In addition, this type of actuator is
much less sensitive to temperature changes than
the moving-coil type of actuator, so accuracy can
be improved.

A linear tracking actuator which uses a high
power drive mechanism and has a stiff structure
have been implemented. The dimensions of the
permanent magnets and air core solenoid are
determined by magnetic circuit theory so that a
high and uniform force can be obtained in the
moving range. The force constant of the devel-
oped tracking actuator is 1.6 N/A. With this
value, a current of 1.1 A is expected to exert to
achieve 25 ms accessing time.
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