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SUMMARY

Disk drives serve as the primary storage medium in modern
computer systems and networks. A typical disk drive comprises of one
or more rigid magnetic storage discs mounted on the spindle motor
which rotates at a constant high speed. The prevalent trend of hard
disk drivesistoward small hard disks with increasing larger capacities
which implies track width has to be small. Accurate positioning of
head is one of the main prerequisite for the increase of further track
density in disk drives. The objective of servo controller is to position
the head at the center of track in the presence of external disturbances.
The servo tracks of hard disk drives are written at the time of
manufacture with the help of equipment called servo track writer. The
vibration of disk or head during servo writing process induces servo
track writing error. The perturbed shaped of the tracks complicates
the head positioning because servo controller needs to reposition the
head during the track following to keep up with the constantly
changing radius of the track centerline with respect to the center of the
spinning disk. This induces unwanted head motion thus causes
interference i.e. inner track path gets interfered with the outer track
path and hence may cause the customers data to be lost and hence not
recoverable data error. Especially, this is severe in case of high track

density disk drives which effects directly performance of disk drives.
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Therefore, to avoid limitations on the track pitch and for the reliable
operation of the disk drive, we need to estimate the servo track writing
error and compensate for it.

In this study, we propose a new way of correcting for the servo
track writing error. We introduce state predictor that uses position
error signal and controller output to estimate the servo track writing
error. The predictor error has lot of information about servo track
writing error. Therefore, predictor error is processed to estimate servo
track writing error which is compensated in feed forward manner. Our
proposed algorithm is robust to input disturbances. Moreover, it is
efficient in reducing servo track writing error, computationally simple
and has fast convergence compared to previous algorithms. Finally,
we present the simulation results to demonstrate that the proposed

algorithm is very effective in reducing the servo track writing error.
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|. INTRODUCTION

Hard disk drives serve as an important data storage medium for data
processing systems. The data storage density of hard disk drives is
continually increasing due to the advent of giant magneto-resistive (GMR)
head. The track density of the current hard disk drivesis 168,000 tracks per
inch (TPI) and the equivalent track pitch is 0.15 um. Data is read from or
written to a track with the help of giant magneto-resistive (GMR) head
which converts digital data into magnetic pulses and vice versa. The head
floats several micro inches over the disk surface while the disk spins about
its center at a constant angular velocity. To properly locate head during read
or write process, a closed-loop servo mechanism is generally implemented
that uses the servo data written to the disk surface to align the head to the
desired track. Accurate positioning of heads is one of the most important
prerequisites for extending further the track density in hard disk drives. The
mechanical disturbances contributing primarily to the positioning error can
be divided into two categories, repeatable runout (RRO) and nonrepeatable
runout (NRRO) (Abramovitch et al., 1998; Guo et al., 1999). The source of
RRO isthe discrepancy between the center of servo tracks and the center of
spindle motor, while NRRO originates from several sources such as disk
flutter, spindle vibration, and windage induced slider vibration.

Much research has been devoted to the compensation of the
mechanical disturbances, especialy RRO disturbance. The periodic nature
of RRO disturbance allowed the adaptive feed-forward canceller (Messner et
al., 1994; Sacks et al., 1995; Weerasooriya et al., 1996) or repetitive
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controller (Kempf et al, 1992; Tomizuka et al, 1989) to reduce
significantly the effect of RRO disturbance. The repetitive controller can be
classified as internal model based and external model based. Internal model
based controllers use Q-filter algorithm where as external based controllers
use parameters adaptation scheme and learning algorithm. Repetitive
controllers developed using Internal Model Principle (Kempf et al., 1992,
Tomizuka et al., 1989) can provide exact cancellation of the periodic
disturbance in steady state but it is not robust to system parameter variations
when it is disconnected from the feedback loop. The internal model based
approaches converged fast but changed the loop gain i.e. the magnitude of
the intermediate harmonics are changed. In case of externa model based
once converged does not change the loop gain. The adaptive RRO
compensators (Messner et al., 1994; Sacks et al., 1995; Weerasooriya et al.,
1996) are most widely used in industry because of robustness to plant
parameter variations and simplicity in implementation. In (Sacks et al.,
1995) various adaptive feed forward methods for RRO compensation are
proposed. Of the adaptive feed forward methods; the feed through technique
is superior. Multiple cancellation of harmonics using adaptive feed forward
cancellation (AFC) is not effective as the repetitive controller and the
convergence rate is slow compared to repetitive controller. AFC can remove
the harmonics selectively while repetitive controller removes al integer
multiples of harmonics. Apart from the case of RRO, the inverse notch filter
at the predicted NRRO frequency has been used in industry for the
attenuation of NRRO disturbance.

As the track density becomes higher, another kind of disturbance that is
not well known to the academic world has more significant effect on the

performance of disk drives. Inideal disk drive system, the tracks of the data
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storage disk are non perturbed circles situated about the center of the disk
and track centerline is located at known constant radius from the center of
the disk. Due to complexity and precision, servo tracks of disk drives are
written at the time of manufacture with the equipment of servo track writer
the process is called Off-line Servo Writing or Low level formatting. The
NRRO disturbance during the servo track writing process causes the written
servo tracks to deviate from the ideal circular shape. The offset distance
between the ideal servo track and the wavy actual servo track is the servo
track writing error. It is synchronous with the disk rotation. Therefore, it is
one kind of RRO disturbance and has been well known as written-in RRO in
industry. The perturbed shape of the tracks (written-in RRO) causes the head
positioning function complicated as the servo control needs to move the
head continuously to reposition during the track following to keep with the
constantly changing radius of the track centerline with respect to the center
of the spinning disk. The written-in RRO induces the unwanted head motion
because the servo system attempts to make the position error zero. The
unwanted head motion encroaches on the adjacent tracks i.e. inner track
path gets interfered with the outer track path and hence may cause the
customers data to be lost and hence not recoverable data error. Therefore,
estimation and compensation of servo track writing error is very essentia in
enhancing the reliability of high track density disk drives.

In conventional systems, the STW (Servo Track Writer) is used to
measure the written-in RRO for each track directly and generate the
compensation values for each track to position the head at the center of the
ideal track such that the head trace the ideal servo track. In the above case
the servo track writer has to measure the written-in RRO of each track of

disk one track at a time. Present disk drives have two or more disks with a
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track density of 168000 TPI, rotation speed of 7200 revolutions per
minute(RPM), therefore the STW has to be busy for several hours to
generate the compensation values for each track for one disk drive. Servo
track writers are very expensive and there are very few servo track writers at
the manufacturing place. Thus, if the servo track writers are tied up for
several hours for one disk drive, the manufacturing throughput and
efficiency are decreased. Therefore, it will be advantageous if there was a
system which can generate written-in RRO values for the compensation of
written-in RRO with out using STW which can lead to increase in
manufacturing throughput. The compensation of the servo track writing
error with out the use of STW has been widely used in industry. A non-
casual filter to generate the compensation values was proposed (Ho et al.,
2000, 2001) in which non-casual time-domain impulse response was
measured and it was convolved with position error signal (PES) to estimate
the servo track writing error. The compensation values are called embedded
runout correction values (ERC) which are stored with in the servo portions
of each servo sector in a disk. During the track following operation when
ever the head passes over the servo sector it reads the previously stored ERC
compensation values and produces the compensation signal which is fed to
the track following compensator which helps the head to follow the idea
track. However, the non-casual impulse response obtained by above
description is not accurate as the modeling of the transfer function is donein
non real time, and it is impractical to develop the non-casual impulse
response of the inverse function for an individual disk drive. The method of
measuring the impulse response more quickly than others was proposed
(Mélrose et al., 2003) where drives actual response was used in real time.

The inverse impulse response was calculated by introducing an impulse to
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the head servo system and measuring the system response in time domain.
The impulse may be written to ERC field of servo track or injected into PES
signal derived from the servo sector. The response is transformed into
frequency domain to form error transfer function, reciprocal is taken,
transformed into time domain to form inverse impulse response which is
convolved with the position error signal (PES) to generate the
compensation values. The compensation values for all tracks can be
obtained by convolving the PES values with impulse response obtained
from writing impulse inputs to a single track. Accordingly, if the impulse
response is obtained by writing impulse inputs to a single track it is
advantageous to choose the track which is located outwards from the center
of the disk as the outer tracks are more effected than inner tracks due to
written-in RRO. In (Morris et al., 2000), the transfer function of the servo
system was measured at selected frequencies that are integral multiples of
disk rotation because RRO component of position error signal (PES) only
has frequency components that are integral multiples of spindle frequency.
This occurs because the RRO is only measured at servo fields and servo
fields are equally spaced around the disk. Transfer function is measured at
discrete harmonics between the spindle frequency and one-half the number
of the servo fields multiplied by the spindle frequency to obtain the time-
domain sequence of runout values. Frequency-domain impul se response was
measured and it was divided by the Fast Fourier Transform of PES which
results in sequence of frequency-domain compensation values. The inverse
Fast Fourier Transform of frequency-domain compensation values produces
a sequence of time-domain compensation values which are used as the
compensation signal in the servo sector which the controller uses to align

head to ideal track. However, the system parameters effect the estimation of
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the servo track writing error. The initial conditions of the plant (position,
velocity, bias torque) affect the system performance. Especially, torque
disturbances such as flex cable bias and windage may cause the estimate of
servo track writing error 10 diverge fast because voice coil motor (VCM)
actuator of disk drives is marginally stable system (poles are nearly on unit
circle). Thus, the head does not trace the ideal track instead touches the
adjacent tracks and hence causes serious error during data writing operation.
Nonetheless, the effect of torque disturbance on the estimate of servo track
writing error was not considered in the previous algorithms (Ho et al., 2000,
2001; Morriset al., 2000; Melrose et al., 2003).

In this study, we present a new method of compensating for the servo
track writing error. In our study we consider the effect of the system
parameters on the estimation of the servo track writing error. For the
purpose, we introduce the state predictor that uses PES and controller output
signal for its functionality. It can be shown that the predictor error has a lot
of information about the servo track writing error. Hence, the predictor
error is processed to produce the estimate of servo track writing error. As
mentioned, the torque disturbances may cause the estimate of servo track
writing error 10 diverge. In this study, the proper selection of the predictor
gain can minimize the effect of disturbance on the estimate of servo track
writing error. The estimate of servo track writing error obtained by
processing the predictor error contains NRRO disturbance as well as RRO
disturbance. The comb filter is used which extracts the signals synchronized
with disk rotation to eliminate the NRRO component from the estimate of
servo track writing error. Findly, we present the simulation results to
demonstrate the effectiveness of our correction algorithm of servo track

writing error.



II. HEAD-POSITIONING SERVO CONTROL
SYSTEM

1. Servo Track Writing Error

A disk drive is a data storage device which stores digital data in
concentric circles or tracks on the surface of a data storage disk, sputtered
with a thin magnetic layer or recording medium. Data is read from or
written to a track with the help of giant magneto-resistive (GMR) head
which converts digital data into magnetic pulses and vice versa. The head
floats several micro inches over the disk surface while the disk spins about
its center at a constant angular velocity. The three main control modes of the
head-positioning servo system are track seek mode, track settle mode and
track-following mode (Fan et al., 1995). The track seek is to move head
from present track to target track as quickly as possible, track settle is to
guide the head safely and precisely to the center of the target track, and the
track-following is to keep the head positioned over the center of target track
as precisely as possible in the presence of external disturbances. Current
hard disk drives uses a combination of classical control techniques, such as
proximate time optimal control technique (PTOS) in seek stage, and lead-
lag compensators, PID controllers in case of track following stage, plus
notch filters to remove the effect of high frequency resonance modes (see,
e.g., Franklin, Powell,& Work-man, 1998; Fujimoto, Hori, Yamaguchi, &
Nakagawa, 2000; Goh, Li, Chen, Lee, &Huang, 2001; Gu & Tomizuka,
2000; Hara, Hara, Yi, & Tomizuka, 1999;Huang, Messener, & Steele, 1997,

-7-



Ishikawa & Tomizuka, 1998; Iwashiro. Yatsu, & Suzuki, 1999; Y amaguchi,
Soyama, Hosokawa, Tsuneta, & Hirai, 1996). The position information
needed for the head-positioning control is written on the disk with the servo
track writer (STW) at the time of manufacture which is called Off-line Servo
Writing or Low level formatting. Disk is divided into large number of
concentric servo tracks and each track has several servo sectors equally
spaced along the track. Each servo sector contains track identification field
and a group of servo bursts (small magnetic transitions) which head reads to
determine the head position in reference to track center. An example of the
four servo bursts (A, B, C, D) written in a particular servo sector is depicted

inFig. 1.

Track Width (w)

_____________ Track Center

Center of Head Head Position (x) : (N+1)

& T i o
_,ﬁ ﬂ___ ... . Track Center

al

Head N)

______ cecmmeeeeeee———_ Track Center
(N-1)

Fig. 1. Arrangement of four servo burstsin a servo sector.

The amplitude of readback signal from the servo burst is proportional
to the fractional width of head over the burst. The amplitude of readback
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signal varying with the head position is depicted in Fig. 2(a). The position
information needed for the track following servo is the difference of A and
B bursts called primary PES depicted in Fig. 2(b). In practice, the primary
PES exhibits nonlinear characteristics near the track boundary so,
quadrature type PES obtained by the difference of C and D bursts is
additionally used to determine the position of the head near the track

boundary.

B Burst D%rst A Burst C Burst

05w 0 : Head Position (x)

(&) Amplitude of readback signal from burst.

C Burst —D Burst A ABurst—BBurst

B o 05w w Head Position (x)

(b) Primary and quadrature PES.
Fig. 2. PES versusrelative head position to track center.



As aready mentioned, when the servo tracks being written by the servo
track writer, the servo track writing error can be induced by various
mechanica imperfections. In an ideal disk drive system, servo tracks are
concentric circles situated about the center of the disk i.e. the servo tracks
center line are located at constant radius from center of the disk. In actual

system, however, it is difficult to write servo tracks as perfect circles as
shown in Fig. 3.

.......... R Ideal Servo Track

Actua Servo Track

Fig. 3. Servo track writing error.

Track eccentricity can be introduced because the head to create the

servo tracks cannot follow exactly the ideal path due to mechanical
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imperfections such as disk vibration, spindle vibrations, and externa
vibrations. The offset distance between the ideal servo track and the
eccentric actual servo track is caled the servo track writing error. Moreover,
servo track writing error varies from track to track. The error can be treated
as one kind of RRO disturbance because it is synchronous with the disk
rotation. It has been well known as written-in RRO in industry.

As the track densities increase the written-in RRO began to limit the
track pitch. Specificaly, the waviness of actual track can result in the
encroachment of adjacent tracks i.e. the inner track path can be interfered
with outer track path and hence leads to data loss and irrecoverable errors
during data writing operation. This occurs, because the servo control tries to
make the position error caused due to servo track writing error zero so that
the head trace the actual track instead of the wavy real track. This causes
unwanted motion of head which leads to interference with the adjacent
tracks. Especiadly, this is severe in case of high track density disk drives.
Therefore, to avoid limitations on the track pitch and for the reliable
operation of the disk drive and increase the manufacturing throughput, we
need to estimate the servo track writing error for every track and

compensate for it.
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2. System Model

In disk drivesrotary voice coil motor (VCM) is generally used to move
the heads on the disk surface. Neglecting the high-frequency flexible modes,
we have the following dynamic model of the VCM actuator:

BB K (u+w). ()

Here, the constant K, represents the acceleration constant of actuator. The

variables x and v represent absolute head position and head velocity,
respectively. In fact, the variable x indicates the gap between the head and
the idea servo track. However, the position information that we can

measure is PES x,,; which isthe gap between the head and the actual servo

track. The relationship between x and x,,, isdepicted in Fig. 4.

/ Head
Ideal Track

DANEDS

Actual Track

Fig. 4. Relationship between PES and head position.
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From Fig. 4, we observe that

Xpgs =X *1], (2

where /7 denotes the servo track writing error.

The control input u denotes VCM current and the other input w
represents the disturbance torque acting on the actuator due to the flexible
cable attached to the actuator. In practice, the disturbance torque varies
depending on actuator positions and movement direction. However, the
disturbance can be assumed to be constant with time when the actuator is

almost at rest for track-following operation. Thus, we have

=0. 3)

The above equations (1) and 2 can be expressed in standard state-space

form as follows

X = AX(¢) + Bu(t). (4

Xpgs () = CX(n) +17(n). 5)

Substituting the transition, measurement matrix and state vector in (4) and
(5) we have
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x| 1o 1 o0l*O] g
v(®) [=|0 0 K, || v@) |+ K, |[u()], (6)
wiy| 100 O o
_x(t)_
Xpps =[1 0 0]| v(®) |+17(2). (7)
w(t)

The PES x,,, isobtained at discrete times by taking the periodic samples of

readback signal whenever head passes over the servo sectors. Therefore, we
need to develop the discrete equivaent to the continuous-time system given
by (6) and (7). Since the control input is kept constant throughout the
sample period by digital to analog (D/A) converter, the zero order hold
method can be used for the development.

If we define

0 (8)

where T, isthe sampling time.

The discrete state model from the continuous-time models with out delay

can be written in standard form as
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X = A,X(1) + B,u(t),

Xpgs (1) = C X (n) +17(n), (9)

xm+1)| |1 T, KT’ /2| x(m)]| |K/(T,-T,)'I2
vin+1) |=|0 1 KT vin) |+| K (T, -T,) |u(n). (20)
wn+1)| [0 O 1 w(n) 0

Considering the effect of control delay by microprocessor execution

additionally, we can have the following discrete-time model of actuator:

X(n+1) = Ax(n) +Byu(n) +Bu(n -1),

(11)
Xpgs (n) = Cx(n) +1(n).

Here, state vector X, system matrix A, column vectors B, B, and row

vector C are defined by

X 1 T K,[T?I2
x:v,A:0 1 KT |,
w

1
. (12)
K(T T,))?12 K, (2T -T)T, 12 1
K(T -T,) |, B, = KT, , C=[0
0 0

Here, T isthe transpose of the matrix, the constants 7. and T, are sampling

period and control delay, respectively.
The matrices A, B,, B,, C can be determined as follows
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mT;
A=e'", B,= I e Bdy,
0
T (13)

c,=C, B, = J e™ Bdy,.

m,

In order to put equation (11) in standard state-space form, we must

eliminate the term u(n —1) . To do this we augment the state vector as

X, () =[x(n) v(n) w(n) u(m-D]. (14)
Then, the resulting state equation becomes

X,(n+1]) =A X (n)+B u(n),

(15)
Here Ap, Bp , and Cp are defined as follows:
— A Bl _ BO —
Ay ol Bl C=lC q. (16)
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3. Design of Baseline Controller

The object of servo control is to make head trace the center of the ideal
servo track precisely. To achieve this servo control uses state feedback
controller and state estimator. The control law is simply the feedback of a
linear combination of all state elements. The state feedback controller can be

written as
u(n) =-K x (n) ==K x(n) =K,v(n) —w(n). a7

Here, X (n) is state estimate vector defined by

X, (m)=[x(n) v(n) wn) u(n-D], (18)
and K , isfeedback gain vector defined by
K,=[K, K, 1 0], (19)

where K and K arethe position gain and velocity gain, respectively. Note
that the estimate w isincluded in feedback to suppress the effect of constant
disturbance torque w and the previous control input u(n —1) is excluded in
feedback.

State estimator is used to estimate entire state vector from the position
measurement and control input. The current state estimator is introduced,
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which estimates based on the current measurement and hence provides

fastest response to unknown disturbances.

X,(n+1) =A X (n)+B u(n), (20)

X,(n) =X, (n) +L [xp(n) —C X, (n)]. (21D

Here X, isthe prediction estimate vector and L, is estimator feedback gain

vector. The combination of the control law (17) and the state estimator (20)

and (21) allows us to obtain the transfer function from PES x,.; to control

input « . Substituting (17) in (20), we have
X,(n+1)=(A, -B K )X, (n). (22

Combining (17), (21), and (22) together yields the following equation
describing the dynamics of the combined controller:

%, (1+1) =A (1 =L C,)X, (1) +A L xpp; (n),

- (23)
u(n) =K (I -L.C,)X, (n) =K L xpp5(n),

Here | isidentity matrixand A, =A —-B K . From(2), (15), (23), we
see that the effect of servo track writing error 1 on the control system can

be described as

-18 -



X(Z) — 'P(Z)C(Z)
1+ P(2)C(2)

n(z), (24)
where P(z) isthe transfer function of the actuator and C(z) isthe transfer

function of the combined controller. That is,

P(z)=C,(zl -A))7B,, -
C(z)=K,L,+K (1 -LC )zl -A,(1 -LC)IA,L,. #

Since servo track writing error 1] is periodic function, we can see that the
actual head position x is also periodic function in the steady-state. This
implies that the actual head position x does not converge to zero and
fluctuates periodicaly due to servo track writing error. The unwanted
fluctuations can cause the head to write on the adjacent tracks, which in turn
produces irrecoverable operation error. In the subsequent section, we

present a new correction algorithm of servo track writing error.
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I11. DESIGN OF SERVO TRACK WRITING
ERROR ESTIMATOR

Before designing written-in RRO estimator, we briefly touch on the
prior work. As shown in Fig. 5, the written-in RRO estimator in the prior

work uses PES and controller output to estimate the servo track writing
error. The controller output passes through the model plant 13(2) to obtain
the absolute head position which is subtracted from x,.. to give the
estimate of written-in RRO 1] . In Fig. 5, initial state X, (0) contains initial

head position x(0), velocity v(0), and constant bias torque w(0) .

x,(0)

v

U Plant
P(z)

Model plant
> P(z)

Controller
C(2)

Fig. 5. Written-In RRO estimator in prior work.

If the model plant is exact, the estimate can be written as
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x(z) +17(z) = P(2)u(z),
C,(z =A )% (0) +P(2)u(z) +1(z) —P(z)u(z), (26)
C,(zl =A )%, (0) +1(z).

()

The estimation error /7 —n7 will be zero if initial plant state X, (0) is zero.

However, the estimation error might grow in the presence of initial plant
state. Especialy, it diverges with the fast rate (the second power of time) in
the presence of constant bias torque. To see this, observe from (12) and (16)
that

det(zl -A ) =z(z -1)%, (27)

1
v(0) +———=w(0). (28)
(z-1)? (z-1°

-1 1
Cp(Zl_Ap) Xp(0)2;x(0)+
Now, we are ready to present a new written-in RRO estimator wWhose error
decays to zero even in the presence of constant bias torque. Diagram of the
proposed written-in RRO estimator is shown in Fig. 6.
The written-in RRO estimator is described by

X (n+1)=A X (n)+B u(n), (29)
R.(n) =X, (1) +L (s (1) =C X, (), (30)
7(n) = K, (x5 (n) =C X, (). (31)
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This is similar to the state estimator of baseline controller in (20) and (21).

The estimate of written-in RRO is the product of some constant K and

prediction error. The value of the constant K_will be determined shortly.

X,(0)
b "
u Plant X A »5 XpES
P(z2)
%0

v

Written-In RRO Estimator
X, (n+1) =A X (n) +B u(n)

%, (1) =X, (n) *+L, (x5 (n) =C X, (n))
An) =K. (xpre(n) =C X (n))
lf;

Comb Filter
H COMB (Z )

Controller ‘é‘+
cz ¢

Fig. 6. Proposed written-in RRO estimator.

Using (15), we can rewrite (30) as
%.(n) =X, (1) +L C, (X, (n) =X, (n)) +L /1(n), (32)

and hence rewrite (29) as
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X.(n+1) =A X (n) +A L .C,(x,(n) =X (n)) +A L (n) +B u(n).  (33)

Subtracting (33) from (15) and defining the prediction error as

%on) =x ,(n) =X, (n), we obtain

Bn+l) = x,(n+]) =X, (1 +])
A, (x,(m)=%.(n)) =A,L.C,(x,(n) -X.(n)) -A,L(n), (34)

(A, -A,L.C,)%n) -A Ln(n), %0)=x,(0) X, (0).

Using (15) and (34), we can describe the written-in RRO estimator (29-31)

in standard form as

%(m +1) = (A, -A,L.C,)%n) -A L7, @)
nm)y = K.C,%n)+K/(n).
Taking z-transform of (35), we have
Az)=K.C,(z1 -A, +A,L.C,)" %0) +
(36)

-1
K, (1—Cp(z| -A,+A,LC,) Ach)n(z).

The first term on the right-hand side of (36) is the effect of initial
prediction error 260) =x ,(0) —X_(0) on the estimate /7. As a matter of

fact, it can be made to decay to zero exponentially by choosing L, such that

A, -A L.C, issufficiently stable. Also, we can control the convergence
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rate because the VCM actuator (15) is observable system and hence all
eigen values of A —A L C, can be assigned arbitrarily. Especidly, the
effect of initial prediction error 260) on the estimate /7 can be eliminated
perfectly by reading the estimated state X, (0) from the state estimator of

baseline controller (20), (21) and setting the initial state X (0) of the

written-in RRO estimator (29), (31) to the estimated state. What remainsis
to examine the second term on the right-hand side of (36). To do so, we first
need to show that the following identity holds:

i det (21 -A
1-C, (d -A, +A,LC,) AL, :det(zlej(AZ +Apl)_ c,) 0
p

p—c”p

where, | is the identity matrix. The proof is given in Appendix. From this
identity and (27), it is evident that the second term on the right-hand side of
(36) is the output of certain high-pass filter with written-in RRO 1] being
the input of the filter. It is reasonable to select the constant K, so that the

high-pass filter has unity gainat z = —1. That is,

.o det(1+A, -A,L.C,)
‘ det(1+A,)

(38)

As usual, 77 is high-frequency signa. Therefore, the estimate of
written-in RRO 1] (36) is very close to the actual written-in RRO 7. The
cut-off frequency of the high-pass filter depends on the selection of L, .

Selecting L, to achieve faster rejection of initial prediction error might yield
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higher cut-off frequency and thus larger estimation error. The trade-off
between rejection rate of initial prediction error and cut-off frequency of

high-pass filter should be taken into account in the selection of L .

The estimate /] is used to correct PES in afeed-forward manner
Xpgs (1) = Xpgg (1) =11 (1) (39)

The corrected PES x,,, is fedback to control loop. Due to that, the

control loop does not attempt to follow the actual wavy track but ideal
circular track. The written-in RRO estimator we have discussed until now
should not estimate NRRO disturbance because control loop should track it.
However, the estimate of written-in RRO 7 (36) contains both NRRO and
written-in RRO. Now comb filter is introduced to remove NRRO from the
estimate 77 . The filter is designed in such away that the frequency response

is 1 at integer multiples of disk rotation frequency otherwise it is zero. The

desired frequency response can be expressed as

27T
) ) 1 w=—m, =0, L, M-
H'), () = um ot L (40)

0 otherwise,

where M isthe number of servo sectors per track. In this study, we consider
FIR comb filter described by

H omb (Z) :%(1+Z_M +Z—2M +L +Z_(N_1)M), (41)

Ca
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where N isthe number of disk revolutions. The action of the comb filter is
to average the intermediate estimate /7 at each servo sector over al of the
revolutions. To put it another way, it extracts frequency components
synchronized with disk rotation and attenuates the other components
resulted from NRRO disturbance. The accuracy of the comb filter (41)
depends on the number of revolutions N . As the number of revolutions
increases then the frequency response of the filter (41) approaches the
desired one (40). However, every revolution increases the process time and
thus should be minimized. The frequency response of the comb filter for
different number of revolutions is shown in Fig. 7. In Fig. 7, frequency

range is from zero (m=0) to disk rotation frequency (m=1).

0 j
\ — Nrev=4
-5 — Nrev=8 |

IR ey
Ao / i

£ / 3
§ Mot T
2 R ATEHTAER ALTRRRLTR I

0O 01 02 03 04 05 06 07 08 09 1
Harmonic number [m]

Fig. 7. Frequency response of FIR comb filter.

- 26 -



V. SSIMULATION RESULTS

In this section, we present some simulation results on the performance
of the proposed correction algorithm discussed in the previous section. For
our simulation work, we performed simulation by using Matlab-simulink.
We used the parameters of 3.5-inch disk drive with MR head manufactured
by Samsung Co., Korea. The specifications of the disk drive used are given
below.

Table 1. Specifications of Hard disk drive used for ssmulation

Specification Value

Storage capacity 80 GB/Platter
Track density 130,200 TPl
Track width 0.27 um

Disk rotation speed 7,200 rpm

Servo sectors per track 232

Acceleration constant (X, ) 22,236 rad/sec’/A
Sampling time (7) 35.9 psec

Control delay (7, ) 17 psec

First we discuss the design of state feedback controller and state
estimator. The pole-placement method is used to determine the feedback
gains of state feedback controller and state estimator. To place the poles of
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state feedback controller at 0.8503 + 0.045i and state estimator at 0.432 +
0.1169i, 0.958 we have chosen the state feedback gain and state estimator

gainas

K,=[0.2535 1.6494 1.0000 O0]. (42)

L_=[0.8081 0.6552 0.1464 O0]'. (43)

For the design of written-in RRO estimator, pole-placement method

was used to determine the predictor gain L, in (32). Generally, written-in
RRO n is high-frequency signal. Care should be taken while choosing L .

because its choice to achieve the faster rejection of initial prediction error
might yield larger written-in RRO estimation error. To place the poles of the
state predictor at 0.985, 0.985, 0.985, we have chosen the predictor gain as

L.=[0.0443 00012 0 0] . (44)

The simulation results are illustrated in Fig. 8 through Fig. 16. Figs. 8
to 13 show the simulation results in case of the prior work while Figs. 13 to
16 shows the simulation results in case of the proposed controller. For the
emulation of written-in RRO, the sinusoidal signal with amplitude and
frequency of 1 track and 2400 Hz (20 times of disk rotation frequency) was
generated and introduced artificially into the system. Initial conditions of the
plant are assumed to be one track away from the target track, 0.0012 m/sec,
and 0 amp for position, velocity and previous control input, respectively.
Bias torque of 0.756 N-m is assumed. The initia condition of the plant

affects the system performance in case of prior work. Incase of prior work
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the written-in RRO is estimated using PES and control output. The written-
in RRO estimation error becomes zero in the absence of initial plant state.
However, the estimation error grows in the presence of initial plant state,
which can be seen from (26). From Figs. 8, 9, and 10 we can see the effect
of initial plant state on the estimation error. Estimation error remains to be
some constant value due to initial head position, increases linearly with time
in case of initial velocity, increases with second power of time in case of
bias torque which can be seen through (28). Due to that estimation error the
head cannot move to the target track center and especially it goes far away
in the presence of initial velocity or bias torque, which can be seen from
Figs. 11, 12, and 13. Especidly, it diverges very fast in case of constant bias
torque which can be noticed in the Fig. 13. This means that the head touches
the adjacent tracks and hence causes serious error during data writing
operation.

As described in the previous section, written-in RRO estimation error
can be made to decay to zero in the presence of initial state using our
proposed written-in RRO estimator. This is done by reading the initial state
of plant from state estimator of base line controller and setting the initial
state of written-in RRO estimator to that estimated state and with the proper
selection of predictor gain. From Fig. 14, we can see that with the
application of our written-in RRO estimator the estimation error before
going through comb filter decreases and approaches toward zero in the
presence of any initial state. However, it does not converge to zero perfectly
because of high-pass filter action in (37). The choice of slower poles of the
predictor than 0.985 can give more exact written-in RRO estimation error
but yields slower convergence rate. The output of the written-in RRO

estimator also contains NRRO, FIR comb filter is used to remove NRRO
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from the output of written-in RRO estimator. The performance of comb
filter depends on the number of revolutions chosen. With the increase in
number of revolutions the frequency response of the comb filter (41)
approaches the desired one (40) but it results in increase of process time
thus should be minimized. The revolution number of comb filter needed for
NRRO removal ischosen as N =8. The estimation error after comb filter is
depicted in Fig. 15. From the figure, we see that the time of 8 revolutions
was taken until the complete convergence. The output of comb filter is then
used to correct the PES in feed-forward manner. The resultant signal is used
by the controller to move the head to target track. With the help of our
written-in RRO estimator, the head is made to trace the ideal track center
instead of wavy track as depicted in Fig. 16. The simulation results show
that the written-in RRO can be significantly compensated and hence the
reliability of disk drive can be greatly enhanced with the application of our

new correction agorithm.
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Fig. 8. Estimation error dueto initial head position in case of prior work.
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Fig. 9. Estimation error dueto initial head velocity in case of prior work.
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Fig. 10. Estimation error due to initial bias torque in case of prior work.
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Fig. 11. Head position due to initial head position in case of prior work.
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Fig. 12. Head position due to initial head velocity in case of prior work.
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Fig. 13. Head position due to initial bias torque in case of prior work.
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Fig. 15. Estimation error after comb filter in case of proposed controller.
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V. CONCLUSIONS

In this study, we proposed a new correction algorithm to estimate and
compensate for the servo track writing error in disk drives. In the design of
written-in RRO estimator, initial conditions of the plant (position, velocity,
and bias torque) were considered. Due to proper selection of predictor gain
and setting the initia condition of plant to the written-in RRO estimator the
estimation error can be made decayed to zero even in the presence of
flexible bias torque. The signal is compensated and the head is made to
follow the centre of ideal track. The simulation results using the parameters
of available hard disk through Matlab-simulink have demonstrated that the
written-in RRO estimator 1S very effective in reducing the servo track
writing error. The simulation results show that with the application of our
proposed controller good track and servo performance can be obtained.

The proposed correction algorithm is robust to system parameter
variations and measurement noise. Moreover, it is very effective and has
fast convergence rate compared to previous agorithms. Hence this
algorithm can be applied to other data storage devices such as optical drives
for fast rejection of periodic disturbance.
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V1. APPENDIX
< Proof of (37) >

We use the useful identity for determinants [7. Kailath, Prentice Hall,
1980]. If matrix A is nXm and matrix B is m X n, then it holds that

det (I, ~BA) =det(l, ~AB) (A1)

The case where m =1 yields that

pc-p p

1-C, (21 -A, +A,LC,) AL, det(ln (=1 -A, +AchCp)_lAchCp)

det(z1 -A, +A L.C,) det(zl -A )
det(z1 -A,)
det(z1 A, +A L.C,)

p—c”p
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