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Head Positioning Error due to Disk Flutter
and Estimation of Permissible Track Density
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1. Introduction

Demand for higher data storage capacity in
hard disk drives makes to grow exponentially at
density of
Increase of a high track

a very aggressive rate in areal
hard-disk drives.
density for a high areal density has led to ever
shortening the width of track. And the increase
of a rotating speed for a high transfer rate and
access time is one of the major sources of track

misregistration which is caused by various run-
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-outs, such as disk vibration, spindle disturbance
and air turbulence in disk drive. In the
embedded servo which is used in most HDD
servo systems at present, information of servo
sector 1s written in disk at regular intervals.
The servo burst field has the information that
how much the R/W head is offset from the
target track center. But compensation of track

signals
off-track
Therefore we

misregistration using signal of burst
makes it difficult to predict the
quantity to next servo sector.
have difficulty in estimating behavior of head in

data region when the head reaches to next
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servo sector. If track misregistration is over the
limits of desirable quantity, the head makes it a
mistake to read/write in desired track.

Disk runout consists of repeatable runout
(RRO) which is repeated at each revolution and
non-repeatable runout (NRRO) which
repeated at each revolution. Because most of
RRO can be compensated by
NRRO

misregistration which prevents

is not

tracking servo
is the main cause of track
a high track

control,

density.

1L._Theoretical Background

2.1.Vibration characteristic of rotating disk
Disk wvibration is an important contributor to
track misregistration. Though hard disk has met
the TMR requirement, in the present day the
much higher TPI

understand the accurate information of the hard

demand of impels to
disk slider system.

The vibration characteristics of rotating disk
with
rotating speed. And if the rotating speed reaches

varies by regular rule in accordance
to critical speed, the very small external force
gives rise to perform the large deflection and
performance and stability of hard disk system
Contrary to stationary disk, the
disk

simultaneously the

go down.

rotating vibration problem  contains

vibration phenomenon of

circular disk and membrane. The vibration
phenomenon of membrane happens because
centrifugal force generates tension in

infinitesimal element and the effect of membrane
vibration is superior to that of circular disk
vibration because the faster rotating speed is,
the larger centrifugal force. The problem of disk
vibration is induced from the equilibrium of all
transverse force and inertia force which operates
with
The shear force which acts as

on infinitesimal element infinitesimal
displacement.
transverse force is arranged for the moments
using the equation of moment equilibrium that is
derived from the infinitesimal element and in the
next

place the moment is arranged by the

partial  differentiable  vawue of transverse
displacement using the curvature. At last, the
shear force is eliminated, and the problem is
arranged as the partial differentiable equation of
And the vibration
induced from the
equilibrium of transverse force and inertia force
when the infinite displacement happens in the

infinitesimal element which is suppressed by the

transverse displacement.

problem of membrane is

tension. The figure 1 shows that the vibration
characteristic that is represented by nodal circle
and nodal diameter is expressed as the change
of natural frequency according to the rotating
mode

associated with the
backward
respect to the
expressed by each one mode.[1]

speed. The splitting as to rotation
and
with

which 1s

resulting forward

frequencies
mode

traveling wave

stationary

Frequency [Hz]

Figure 1. The natural frequencies of out-plane
vibration of circular disk according to the

rotating speed

2.2. Disk flutter and vibration characteristic
of slider.

The figure 2 shows the spectrum of the axial
vibration velocity that is measured by the Laser
Doppler Vibrometer (LDV).
measured In constant rotating speed.

,such as (0,00, (O,1),
(0,2) mode, are shown as forward and backward

The spectrum is

In figure 2, the modes

modes. The narrow peaks is rocking mode by
spindle bearing and repeatable runout. Whereas
wide peaks are components of flutter by rotating
disk.
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Figure 2. The spectrum of the axial disk

vibration at outer region of disk
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Figure 3. The spectrum of the radial slider
vibration at outer region of disk
The spectrum of slider vibration velocity in
track direction is shown in figure 3. The slider
is located at the same track where the disk
vibration is measured in figure 2 and travels
continuously. Investigating the
characteristics of figure 2, 3, we find out that

vibration

the peaks in figure 2 correspond to the peaks in
figure 3. This means that there is interrelation
between disk vibration and slider vibration.

2.3. Head off-track mechanism by disk
flutter.

Assuming that the slider’s roll center locates at
the top of slider and the flutter exiting force is
a constant load which is distributed over the
disk. Then the total head off-track dx by disk
flutter is[2],
ax = (ty+t4/2) - 6 M

where Both t; and ty; are the thickness of

slider and disk. And @ is disk inclination angle.
And we are able to express that the disk
deflection and disk inclination angle are function
By these disk deflection, disk
inclination angle and thickness of both disk and
slider, we define the transfer ratio as following

of radius (r).

equation.

6(r) @

v(r)
head off-track dx in

= (tg+1t4/2) -

from those equations,
equation(l) is
= k x v(r) 3)

I1L. Calculati | : .
Numerical Method : Reformed Barasch

Method
Figure 5, 6 illustrate stress, shear force, and

3.1.

moment that act upon the infinitesimal element
of rotating disk. If we assume that the thickness
is very thin, we are able to assume the plane
stress  state. Because tensile stress by
centrifugal force is applicable to the tension in
problem of string vibration, we can induce the
term about stress. Substituting six transverse
forces which act upon infinitesimal element by
tensile force and shear force, we are able to
express the conventional modeling of rotating

disk.[1]

ow _ 4 _9_
ph atz = ror (er)+ rof (QB)
6w a aw
—(U hr )+ 0 (Geh ) 4
rao (Ureh )+ (Jrﬂhr raa )
+qw(r, a.t)

If we perform the modal analysis using stress
analysis after eliminating the shear force by
moment equilibrium, we obtain following 4th
order differential equation.

Liwl+Mw=f, (5)
where
Liw] = Dv4w—H[w]
_h & dw h o'w
Hlw] = & r or (‘” or )+ 12 ""( 302)
Ap92 + 2Bo@ — 3§Vp92r2

- —Ap2*-L 1 + 2BpP — 1*{33%9%2
(U=»[B+wa®~ d+ub®la’b’
8[(a® + b?) +v(a’—b?)]

B = 41+u)[(3+u)a +(1—v)b]
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SBarasch and Y.Chen solved equation
simultaneously by assuming arbitrary natural
frequency and arbitrary initial problem and

substituted 4 first order differential equations for
4th order differential equation.  Therefore, we
only decide that the function R(r) of radial
direction meets all boundary conditions because
the function R(r) subjects to governing equation
automatically. Until we obtain the solution of
R(r) which satisfies the boundary condition, we

iterate the natural frequency . Let

x = {R;, Ry, R, Ry})7 ©®)
R‘ =R, R2 = R’, R3 = R”, R4 = R"’
which leads to a system of 4 first order

differential equations. We get the displacement
and angle of disk flutter using these procedure
outlined by Barasch and Chen. In particular,
when we calculated natural frequencies in
coordinate, an

rotating estimation procedure

using a cantilever and conic curves was

considered. It accelerated the convergence speed
of Barasch’s  method
sensitivity analysis could be done.

and  computational

3.2. FEM
Following figures are the mode shapes about
stationary disk. We can calculate the ratio of
disk displacement and tilting angle using FEM.
We used the Nastran program.

(a) (0,0) Mode (b) (0,1) Mode

() (0,2) Mode

{(d) (0,3) Mode

Figure 4. Disk Vibration Mode using FEM

3.3. Experiment
3.3.1 Block Diagram of HDD Servo System
Figure 5 shows the simple block diagram of
the HDD track-following
shown in the figure 5 there are four inputs (r,
w, d, n) and one output (y) that is true PES,
that is, the signals indicating the actual error

servo system. As

between the head position and the target track
center. These signals are made up through the
various equipments and processes. Particularly, d
represents mechanical output disturbance and
includes spindle motor/ball bearing vibration,
disk vibration due to the high-speed spindle
rotation and imperfections in the servo-written

track circle.

C P
Controlier

True PES

VM Aclugtor

Conlaminated PES (Measued PES)

Figure 5. Block Diagram of HDD track following
servo system

The servo burst field that has the information

about head positioning error compensates for

TMR by runout in HDD. As shown in Figure 5,

output y(t) can be expressed as follows.

PES(k) = w(k)

P(z)
1+P(z)C(z)
+ md(k)
mn(k) (7
= S({P(2)w(k)+ d(k)+ n(k))

(2.3), the contaminated PES by
runout used In

+

From Eq.
mechanical controller is

determined by sensitivity transfer function, only.

3.3.2 Experimental Setup
Figure 6 shows the layout of the mechanical
measurement setup. An LDV is used to measure
the axial velocity power spectrum of disk and
the radial velocity power spectrum of shider to
obtain the transfer ratio from equation (3). As
former section,

we investigated in same

vibration characteristics are shown.
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Figure 6. Experimental Setup

Inducing transfer ratio from the equation (3),
the disk
vibration and the slider
vibration using LDV. And we performed the
measurement from the first track at inner region

we measured spectrum of axial

spectrum of radial

of disk to the last track at outer region of disk
successively. When the head maintains tracking
track, spectrum
were measured with a beam

mode at each velocity
measurements
passing through a slot in the top case and side
case.

Because the off-track amount is actual head
displacement due to disk flutter, the result that
controlled by

compensated using the gain of the sensitivity

closed-loop error signal is

transfer function.

3.4. Result
The average result that is the position error
amount from three methods was summarized in
table 1. We affirmed the application possibility
that the transfer ratio that is calculated using
both the reformed numerical method and FEM

method is the same with the result for
experimental method.
Table 1. Transfer Ratio
Average of Transfer Ratio
N&rg&rg{:ﬂa] FEM Experimental
Outer
(r=45mm) 1/ 284 1/ 287 1/276
Middle
(r=33mm) 1/ 141 1/143 1/ 151
Inner
(r=20mm) 1/26 1/28 1/47

IV. Admissible off-track amount due to
disk flutter about approximate track density.

4.1. Limit of Flutter Amplitude

Limit of flutter amplitude [um]

=]

TP [iinch]

Figure 7. Limit of flutter margin of head
positioning error
We estimated the off-track amount due to
disk flutter as to approximate track density. In
the

misregistration is greater than approximately 12

practice, head position error occurs if
percents of the track width. And if we consider
that what percents are the components of disk
flutter, the head
positioning error by disk flutter according to
TPI that we want to design. Considering the
by
sensitivity function gain, it is possible that we
predict the quantity of disk flutter by the disk
disk
deformation and RRO components, according to
TPL

Disk flutter is calculated by the method of 3 ¢
TMR. And the calculation is iterated according
to rotating speed and disk size.

Table 2. Disk Vibration Amplitude by 3¢ TMR

we are able to estimate

misregistration transfer ratio and servo

vibration  characteristic  except static

Total Vibration |Flutter Vibration
5400 mm 1.6850 (m 0.7989 (m
7200 rpm 2.8261 m 1.1487 m
10000 rpm 4.7257 m 1.4836 m

4.2. Vibration Characteristics of Alternate
Disk Size
changed by

When disk reformed

numerical method, we researched the change of

size is
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Table 3 shows both
natural frequency and the reciprocal of transfer

vibration characteristic.

ratio when disk diameter is altered.
Table 3. Natural Frequencies and Transfer Ratio
of Alternate Disk Size

Natural Frequency [Hz] Average

Diameter 1/transfer
0o | oD | ©02 | rato
3in 12088 | 12216 | 1404.2 20.77
3.5in 74868 | 74864 | 836.45 26.79
4in 51762 | 513.06 | 625.15 33.21

4.3. Disk Flutter of Alternate Disk Size
First, in alternate disk radius, the ratio between
the value of transfer ratio at each mode and the
flutter amount is normalized on the basis of
disk. And
admissible head positioning error due

calculate the
to disk
flutter by multiplving the measured axial disk

3.75in later we

vibration amplitude.

3in 3.25in 3.5in 375in 4in
Figure 8. Normalized Disk Vibration

=) a o =3
S - o @

Fiutrer margen of head posdioning arror {um]]
=
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Diameter

Figure 9. Flutter margin of head positioning
error at 7200 rpm in case of alternate radius

Y. Conclusion
Investigating the head positioning error, we
researched the numerical method by using a
cantilever and conic curves and FEM method
with Nastran and verified the suitability of
the

makes

assumption  through
the method that
prediction of the track density possible is

transfer  ratio’s

experiment. Besides,

presented when the change of disk flutter and

transfer ratio is considered in another disk size.
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