L 20 one magngpi ¢
on which data is stored in concentric tiad ?"th\T%ﬁggqggr %*ggg"br
1 ¥ Claim(s) paged e to paged .%.....

D/Grawlng(s : paged ‘ ..... to paged Ay lﬁ
Abstract  : paged 3‘\' to paged .......
METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER

This invention relates to methods of and apparatus
for determining the position of transducers.

Disk file data storage systems contain one or more
magnetic disks on which data is stored in concentric

tracks. A transducer writes, or magnetically encodes,

10 the data on the track. The transducer is also capable
of reading the magnetically encoded data from the
tracks. | .

An electro-mechanical actuator operates within a

negative feed back, closed loop servo system. The

15 actuator moves the transducer radially for track seek
operations and holds the transducer directly over a
track for track following operations.

A servo transducer reads position information from
the disk and provides a pasition éignal'which is decoded

20 by a position demodulator and presented ih digitai form
to a servo control micro-processor. The servo control
micro-processor essentially compares actual radial
position of fhe transducer over the disk with desired -
position and commands the actuator to move in order to

25 minimise posmtlon error.

In one type of servo system, one disk surface is
dedicated to contain servo tracks which are encoded with
servo position information. The servo positién infor-
mation in the servo tracks is condenéed to ‘evenly spaced

30 sectors. A servo transducer flies over the servo
sectors as the disk rotates and produces a sampling
effect. The actual-position transducer information is
up-dated at the end of each servo sector through the use
of track identification information and position error

This Sheet Has Been Replac

i lIIIll Il III




t gata on the track. The transducer is also capable of reading the

e tetical |y encoded data fromthe tracks. An el ectromechani cal actuator
opgates within a negative feed back, closed | oop servo system The

actgat or noves the transducer radiall¥ for track seek operations and hol ds
transducer directly over a track for track follow ng operations.

information. The track identification number is pre-
written into each servo sector and serves as coarse
transducer position information. The position error
information is written in the servo sector and
represents the distance that the servo transducer is

located from the centre of the track. This position
error information serves as fine transducer position
information. '

The position error information is generally
10 written in two fields. One is referred to as a
quadrature field and the second is called a normal
field. Position error information obtained from the
normal field or the quadrature field is called a normal
or quadrature position sample. By decoding the position
15 samples obtained from these two fields, the off track
position of the transducer is determined relative to the 3§
centre of the track. The pdsition samples are typically
decoded by integrating the analog position signal
provided by the transducer which represents the position !
0 error information magnetically encoded on the disk. The il
integrated signal is then converted to a dlgltal signal
representing transducer position error.
In these servo systems, during certain operations,
the transducer moves radially with respect to the
5 magnetic disk. Typically,. as the transducer flies over
a track on the magnetic disk, 4t moves over a field
containing the track identification number before it
moves over the quadrature and nbrmal fields which
contain position error information. When the transducer
0 is moving radially from track to track across the
magnetic disk, it has a slanted trajectory over the
servo sector. Therefore, it may enter the servo sector
in the field containing track identification infor- :
mation of one track but cross a boundary between tracks 1

e et e
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servq transducer reads position information fromthe di sk and provides a
sition signal which is decoded by a position denodul ator and presented in
ital formto a servo control mcro-processor. The servo contro
ro-processor essentially conpares; actual radial position of the

e in order to mnimse position-error.
and exit the servo sector from the quadrature or normal

field of the next track. This results in a mis-match

between the track boundary defined by the track

identification information and that defined by the
quadrature and normal fields.

According to one aspect of the present invention,
there is provided a method of determining the position
of a transducer relative to a disk in a data storage
system, characterised by comprising the steps of:

10 reading track identification information from a disk in
the data storage system to provide a coarse position
signal identifying a track that the transducer is
positioned over; reading position error samples from a
disk in the data storage system to provide a fine

15 position signal representing transducer position error

within a track that the transducer is positioned over;

and correlating the coarse position signal and the fine
position signal so the coarse position signal and the

fine position signal correspond to the. same track on the
i disk. )

The correlating step may comprise determining
whether the transducer has moved between tracks after
reading the track identification information and before

reading the position error samples and adjusting the

%5 coarse position signal to reflect the proper track
identification information when the transducer has
moved.

The determining step may comprise determining a
first sign bit corresponding to a first position error
1 sample, determining a second sign bit corresponding to
.a second position error sample, determining a least '
significant bit of the track identification information
and determining whether the transducer has moved between
tracks based on the first sign bit, the second sign bit
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one type of servo system one disk surface is dedicated to contain servo
icks “whi ch are encoded with servo position infornmation. The servo

ition infor- mation in the servo tracks is condensed to evenly spaced
tors. A servo transducer flies over the servo sectors as the disk

ates and produces a sanpling efféct. The actual -position transducer
ormation is up-dated at the end of each servo sect-or through the use

and the least significant bit of the track identi-
fication information.
The adjusting step may comprise determining a
- correction number to be added to the coarse position
signal, the correction number having a value based on
the value of the first sign bit, the second sign bit
and the least significant bit of the track identi-
fication information, and combining the coarse position
signal with the correction number to reflect the proper
10 track identification information.

According to another aspect of the present
invention, there is provided apparatus for determining
transducer position relative to a disk in a data storage
system, characterised by comprising track reading means
15 for reading track identification information from a disk
in the data storage system to provide a coarse position
signal identifying a track that the transducer is
positioned over; position error reading means for
reading position error samples from a disk in the data
) storage system'to provide a fine poéition signal
representing transducer position error within a track

we

that the transducer is positioned over; and corre-
lating means for correlating the coarse position signal
and the fine position signal so the coarse position

5 signal and the fine position signal correspond to the
same track on the disk.

The correlating means may comprise boundary
crossing means for determining whether the transducer
has moved between tracks after reading the track identi-
0 fication information and before reading the position
error samples and correction means for correcting the
coarse position signal to reflect the proper track

identification information when the transducer has
moved.

—
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se@ves as coarse transducer position information. The position error

0

35

)

5

The boundary &rossing means may comprise first
sign bit detection means for detecting a first sign bit
corresponding to a first position error sample, second
sign bit detection means for detecting a second sign bit
corresponding to a second position error sample, least
significant bit detection means for detecting a least
significant bit of the track identification information,
and first combination means for combining the first sign
bit, the second sign bit and the least significant bit
of the track identification information to determine
whether the transducer has moved between tracks.

The correction crossing means may comprise
correction number determining means for determining a
correction number having a value determined by the
combination of the first sign bit, the second sign bit
and the least significant bit of the track identifi-
cation information, and second combination means for
combining the correction number witir the coarse position
signal to reflect the proper track 1dent1f1catlon
information. .

‘The invention is illustrated, merely by way of
example, in the accompanying drawings, in which:-

Figure 1 is a block diagram of one embodiment of a
demodulating system according to the present invention;

Figure 2 is a view of a disk surface used in a
sectored servo system; .

Figure 3A is an enlarged view of a portion of a-
servo sector of the disk shown in Figure 2; .

Figure 3B is a diagram of the format of servo
information in one servo sector of Figure 33;

Figure 4A shows a transducer output signal
amplitude as a function of track radius for one servo
sector; _

Figure 4B shows the relationship between the
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"mation is witten in the servo sector and represents the distance that i
ervo transducer is located fromthe centre of the track. Thi s '
ion error information serves as fine transducer position information.

The position error information is generally witten in two fields. One is
refefred to as a quadrature field and®the second is called a normal

transducer and magnetised areas on the disk;

Figure 5 is a diagram used to describe mathe-
matically the amplitude of the transducer output signal
as a linear function of the distance of the transducer
centre from the track centre;

Figure 6 is a detailed block diagram of a servo
position demodulator; '

Figure 7 is a timing diagram showing PES capacitor
voltage during one servo sector;

" Figure 8 is a timing diagram showing the relation- ; 
ship between events in the servo position demodulator of i
Figure 6;

Figure 92 is a gfaph showing the output of a
multiplier of the servo position demodulator of Figure 6
as a function of track radius;

Figure 9B is a diagram showing magnetised bits in
a servo sector and the position of the transducer which
corresponds to the positions in Figure 93;
_ Figure 10 is a diagram which illustrates the
ko felationship between the final voltage on the PES
capacitor and the off track error of the transducer;
Figure 11 is a graph of an analog voltage PES1
versus track radius of the transducer in one servo
sector;

i Figure 12A is a more detailed block diagram of a
DC null loop;

Figure 12B is a timing diagram showing the b
relationship between key signals in the DC null loop of
Figure 12A;

0 Figure 13A shows the concept of a total position
word;

PN T

Figure 13B is a diagram showing PES voltages and
the least significant bit of the raw track
identification number as a function of transducer

—_—
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ffe ’i RPosition error informati on obtained fromthe nornal field or the

quafrature field is called a normal or quadrature position sanple. By

decq@di ng the position sanples obtained fromthese two fields, the off track

posigti on of the transducer is determijned relative to the centre of the

tragk. The position-sanples are typically decoded by integrating the anal og
posigti on signal provided by the transducer which represents the position

position;

Figure 13C is a truth table giving the correction

number for each case shown in Figure 133;

Figure 13D is a block diagram of a track identifi-
cation correction feature;

Figure 13E shows one implementation of the track
identification correction feature;

Figure 14A shows track crossing plots for the PES
fields in a servo on-data-system;

0 Figure 14B shows the relationship between the
transducer position in the servo sector and the track
crossing plots; _ )

Figure 14C shows the position of the transducer
over one track in the servo sector; _

i Figure 15A_shows transducer trajectory over a

servo sector caused by radial movement of the transducer

as the disk rotates; '
Figure 15B is a plot showing:the effect of radial
velocity of the transducer on the PES: track cr0551ng

0 plots; .

Figure 15C shows the corrected PES track crossing
plots after being compensated for radial velocity of the

transducer;
Figure 16A shows the track crossing plots for the
35 PES fields in a dedicated servo system;

Figure 16B shows the relationship between the
transducer position in the servo sector and the track -
crossing plots; '

Figure 16C shows the position of the transducer
0 over one track in the servo sector;

Figure 17 shows a servo system having multiple
independent actuators; and

Figure 18 shows a top'view of a disk in the servo
system shown in Figure 17.

-
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Ror informati on magnetically encoded on the disk. The integrated signal
i sS§t hen converted to a digital signal representing transducer position
ergor. In these servo systens, during certain operations, the transducer
noyes radially with respect to the gagnetic di sk. Typically, as the
tr gnsducer flies over a track on the magnetic disk, it noves over a field
coftai ning the terack identification nunber before it

Figure 1 is a block diagram of a negative feed
back transducer positioning system 8 according to the
present invention. A stack of magnetically encodable
disks is shown generally at 10. An electro-mechanical
actuator (or E-block) 12 is used to position a servo
transducer 14 and a plurality of data transducers 18
radially with respect to a servo disk 16 and data disks
17, respectively. The servo transducer is positioned
over a desired track on the servo disk 16 where it is

) held while the data transducers 18, which are also
connected to the E-block 12, perform read or write
operations.

The servo transducer 14 reads position information
from servo disk 16 and provides position signals to a
'5 pre-amplifier 20 where it is amplified and provided to a
servo position demodulator 22. The servo position
demodulator 22 decodes the position information and
presents it, in digital form, to a servo control
processor 24. The servo control processor 24 compares
Fw the decoded position signal received from the servo
position demodulator 22 with a desired position signal
to determine a transducer position error. The trans-
ducer position error represents the difference between
the actual position of the transducer 14, indicated by
5 the decoded position signal, and the desired position
indicated by a desired position signal.

The servo control processor 24 then generates a
position correction signal which is converted to an
analog signal in digital-to-analog (D/A) converter 26
ko and applied to the E-block 12 through a~power amplifier
28. The position correction signal causes the E-block
12 to move the transducers 14, 18 radiélly with respect

to the disks 16, 17 in order to minimise the transducer
position error.
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5 over the quadrature and nor nal

ss the magnetic di sk,
or.
k identification infor-
en tracks

One disk surface of the servo disk 16 is dedicated
to contain servo tracks. This surface is shown in
Figure 2. The servo position information in the servo
tracks is not continuous but is condensed into evenly
spaced sectors. This is known as a sectored servo
system. The servo transducer 14, flying over the servo
sectors as the servo disk 16 rotates, produces a
sampling effect in which the actual, decoded position
information provided to the servo control processor 24
is up-dated at the end of each servo sector.

Figure 3A is an enlarged portion of one servo
sector on the servo disk 16. Figure 3B shows .the format
of servo information, represented by black and white
bars, in one servo sector on the servo disk 16. The
black and white bars represent oppositely magnetised
areas on a surface coating of the servo disk 16. The
oppositely magnetised areas are recorded close enough
‘together so that the position signal’generated by the
servo transducer 14 is generally sinusdidgl.

Figure 3B shows that one servo sector contains
several distinct fields. The fields include a phase
locked oscillator/automatic gain control (PLO/AGC) synch
field, a track identification (track ID) field, three
position error sample (PES) fields and an index field.
Figure 3B also shows the magnetised areas for three
tracks A, B and C on servo disk 16 where the outer
radius and inner radius of the tracks is indicated. The
direction of the servo transducer velocity and the track
centre of each track is indicated by dashed arrows A, B
and C, respectively.

As the servo transducer 14 flies over the tracks
A, B or C on the servo disk 16, it generates a
generally sinusoidal position signal. The sinusoidal
position signal represents the magnetically encoded
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fields which contain position error
irmati on. When the transducer is nmoving radially fromtrack to track
it has a slanted trajectory over the servo
Therefore, it may enter the servo sector in the field containing
mati on & one track but cross a boundary
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sand exi st the servo sector fromthe quadrature or nornal field of the :
sxt track. This resul'ts in a nis-match between the track boundary defined
the track identification information and that defined by the quadrature
d normal fields. A nethod and sKiben1according to the preanble of clains :
& 4 respectively is known from H

“A-4 590 526.

information shown in Figure 3B.

Figure 4A illustrates the position signal
generated by the servo transducer 14 as a function of
five radial transducer positions along a single track
(for example track B) on the servo disk 16 where
position 3 represents the centre of the track.

Positions 1 and 5 represent off centre positions where
the centre of the servo transducer 14 is radially
aligned with, and flying over the outer radius or inner
radius of track B, respectively. If the servo trans-
ducer 14 were tracking along position 1, a position
error equal to the radial distance between position 1
and position 3 would exist. Similarly, if transducer 14
were tracking along position 5, a position error equal
to the radial distance between position 3 and position 5
would exist. _

- Positions 2 and 4 also represent off centre
positions. However, the off centre position error is
not as large as the error associated with positions 1
and 5. Figure 4B shows the spatial relationship between
the servo transducer 14, the magnetised areas of the
servo disk 16, and each of the transducer positions 1
to 5.

The information encoded in the PLO/AGC synch field
is identical in phase and frequency from track to track
along the servo disk 16. Therefore, Figure 4A shows
that, as the servo transducer 14 flies over this
region, its output position signal is a constant
frequency, independent of the particular track over
which it is flying and independent of radial position on
the track. The information in this field is encoded in
this way so that a phase locked oscillator in the servo
position demodulator 22 can synchronise with the output
of the servo transducer 14.

—‘-_~_____‘__-~_~
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irding to one aspect of the present invention, there is provided a
od of determining the position of a transducer relative to a disk in a
storage system conprising the steps of reading track identification
rmation froma disk in the datajgtorage systemto provide a coarse il;
tion signal identifying a track over which the transducer is Hop
tioned; and reading position error sanples froma disk in the data H
age systenmotneoui:slekanbiflﬁem5i ttRe £kgaR! IDeﬁﬁﬁBEBt iBg transducer
| OTeRERgEa "L} T4 el ks OAELULEDy Ug! DERSAHRRLoR PR L1000 |
posi traekete okrackpl cBachetrackl, IBnditnishzepresented by one
dibit cell. The amplitude of a dibit depends on the
radial position of servo transducer 14. If the dibit é %
amplitude exceeds a given threshold, in this embodiment
one half the maximum possible amplitude, the dibit is
decoded as a logic 1 in the servo position demodulator
22. Otherwise, it is decoded as a logic 0. Therefore,
) n bit cells define 2" servo tracks on the disk.

In the PES fields (PES1, PES2A and PES2B) the
magnetic information encoded on adjacent tracks is |
recorded 180° out of phase. This produces a chequer-
board pattern of magnétisation. The magnetic

information in the PES fields is also recorded plus or
minus 90° out of phase with respect to the magnetic
information encoded in the PLO/AGC synch field.

The PES1 field is also called-a normal field. The
boundary between the magnetisation tracks in the normal
) field are arranged so that they lie ‘on the centre line
of the-data tracks. Therefore, when the servo
transducer 14 is over the normal field, as the servo
transducer 14 moves radially further from the centre
position 3 of track B, the amplitude of the position
F signal from the servo transducer 14 is larger.
Similarly, as the servo transducer 14 moves radially
closer to the centre position 3, the-amplitude of the |1,
position signal is smaller. - | éiw

The PES2 field (also known as a quadrature field) %
b is split in half. Half of the quadrature field (the .
PES2A field) .lies on one side of the normal field and
half (the PES2B field) lies on an opposite side of the
normal field. The quadrature field is encoded with a
magnetisation pattern which is identical to that of the

Erart s icial Whear AP MW ST LN R S e S ot fL L < e

oy

[
eet Has Been Replaced

R




fine position signal is analysed to determ ne whether the track over
h the transducer is positioned has changed since the transducer read
Mtrack identification informati on. The anal ysing step may conprise
rmning a first sign bit corregefnding to a first position error

|l e, determining a second sign b corresponding to a second position
r sanple, determning a |east significant bit of the track

t siRptf iz dReef (Withhe (Thexgefore, when the servo trans-
ducer 14 is over the quadrature field, the position

signal provided by the servo transducer 14 is at a
makimum amplitude when the servo transducer 14 is flying
over the track centre position 3 and at a minimum
amplitude when it is flying over the off centre
positions 1 and 5. '

The information read from the normal and
quadrature fields is referred to as a position error
sample. The normal and quadrature fields each produce a
separate position error sample. The amplitude of the
position signal provided by the servo transducer 14
representing the position error samples is a linear
function of the distance of the centre of the servo
transducer 14 from the track centre (position 3). This
is shown theoretically in Figure 5.

The servo transducer 14 is moving relative to the
servo disk 16 in the direction indicated by arrow 30.

. The servo transducer 14 may be regarded as being
composed of a set of read elements of differential width
operating in parallel, whose output signals are added
together or integrated to produce the total output
voltage of the position signal from the servo transducer
ﬂ 14. For a first order approximatioh, it is assumed
that the position signal from the servo transducer 14 is
sinusoidal. Any fringing field effect is neglected.
Since the magnetic pattern in the servo sector was
originally written 180° out of phase for adjacent

y tracks, the signal produced by a differential read
element, dy, will be defined as either plus or minus
Vm Cos (wt). The total output voltage from the servo
transducer 14 depends on how many differential.read
elements produce +Vm Cos (wt) and how many produce ;Vm

_—
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fification information. The analysing step nay conprise deternmining a
ection nunber to be added to the coarse position signal, the correction

Wer having a val ue based on the value of the first sign bit, the second

sigi bit and the least significant bj4 of the track identification

rmation, and in that the nmethod 1 ncludes conbining the coarse position

siglal with the correction nunber to reflect the proper track
i defgti fi c@ds opwe f or mation. According to another aspect of the present

i nv@ntion, ther r ovi a ratus, for. deterp.ni t ransducer position
rel §tive to tf\fﬁhiﬁﬁ) EE&ﬁéﬁ%%Qﬁ?%ﬁﬁﬁﬁ# f% dﬁngu£{léhe P

distance from the centre of the servo transducer 14 to
the nearest data track centre (a boundary between the
+Vm Cos (wt) and -Vm Cos (wt) regions in the PES1
field). The distance d may be positive (towards the
inner radius) or negative (towards the outer radius).

If b equals the width of the servo transducer 14, then
each read element dy contributes a fraction equal to
dy/b towards the total ocutput voltage provided by the
servo transducer 1l4. The integral for the PES1l field as
shown in Figqure 5 is solved as follows:

+ b+ d
o ' 2

v(t) = ("Vvm) Cos wt - dy + (+Vm) Cos wt - dy
b .- B

b+ 4 .

Z
= 2d VmCoswt + -bs<ds+b _ Eq. 1
b~ 1 Z 2

where b = core gap width of transducer 14
Vm = maximum amplitude
d = off track error
w = frequency of position signal.

The results show that the position signal of the
servo transducer 14 V(t) has an amplitude which is a
linear function of the off track error, d. This effect
can be seen visually in Figure 4A where the signal

I ——
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tadi ng means for reading track identification information froma disk in
‘data storage systemto provide a coarse position signal identifying a

k over which the transducer is positioned; position error reading means
readi ng position error sanples froma disk in the data storage system
rovide a fine position signal rédgesenting transducer

amplitude in the PES1 field is proportional to the _ 1
distance of the centre of the servo transducer 14 from
the track dentre, radial position 3. Also the polarity
of the position signal generated by the servo transducer
14 which corresponds to the PES1l field indicates the
direction of the off track error, 4.

In reality, the amplitude of the position signal
of the servo transducer 14 does not change linearly 14"
| across the full track width. It becomes non-linear at
r some point near the outside twenty five percent of the

track, depending on the physical dimensions of the
servo transducer 14 and its relationship to the
dimensions of the written magnetised pattern.

However, the presence of the quadrature field
F (PES2) allows the servo position demodulator 22 to

overcome this non-linearity. Figure 4A shows the
quadrature relationship between the PESZA and the PES2B
fields and the PES1 field. The amplitude of the

position signal provided by the servo transducer 14 in
A the PES2 field is at a maximum, and therefore in a non-
linear region when the amplitude in the PES1 field is at
a minimum (and therefore in a linear region), and vice
versa. Hence,. either the quadrature or the normal
field is always in a linear region and there is always a
# linear rélationship between the position signal
corresponding to one of the PES fields (PES1 or PES2)
and the distance between the centre of the servo
transducer 14 and the track centre (the off track error)
no matter where the servo transducer 14 is positioned
{ across the radial width of a track on the servo disk 16.

Figure 6 is a more detailed block diagram of the
servo position demodulator 22 which decodes position
information represented by the analog position signal
from the servo transducer 14. The position signal from

—_—
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position error wwthin a track over which the transducer is positioned,
characterised in that the track reading neans is arranged to read said
track identification information before said position error reading nmeans
reads said position error sanples; and in that anal ysing neans are provide
for analysing said fine positionSsignal to determ ne whether the track ove

whi ch the transducer is positioned has changed since the transducer read .f

the track identification information. The anal ysi ng neans may conprise

firstthd gemio taansdvicer ddads B@pldedeto rg £ ltiersB2%WReTs t cor r espondi n-

3’

to a it rig MAYelredn & TRmoVaHigh T¥eenyIndiisle detrgel i on
filtered signal is then applied to an automatic gain
control (AGC) loop 34 (Figure 6B).

The AGC lcop 34 is comprised of a voltage
controlled amplifier 36, an analog multiplier 38, a
voltage-to-current converter 40 and a current summing
junction 42. An analog switch 44 and a capacitor 46
allow the AGC loop 34 to be configured in an acquire !

' mode or 2 hold mode (explained later). : %

An overall reference for the automatic gain =§
controlled amplitude is provided through a filter 48 by
a micro-processor (not shown). The overall reference
determines the final position gain in volts per micro-
inch.

The AGC loop 34 is initially calibrated by the
micro-processor and compensates for changes in input
signal amplitude due to changes in'track radius, £flying
height and other media propertles '

Once properly ampllfled an automatlc galn
controlled (AGC'd) analog signal from the AGC loop 34 is
transmitted to a voltage comparator 50 which generates
serial digital data corresponding to the AGC'd analog
signal. The comparator 50 provides the serial digital

data to a synch detector circuit 52 and a serial-to- ' gi%

parallel shift register 54.

The synch detector circuit 52 1dent1f1es the start
of a servo sector and enables a programmable{event
generator (PEG) 56. The programmable event generator 56
produces timing and window logic signals required for
position demodulation in the servo position demodulator
22.

Next, the .comparator 50 decodes track ID dibits
as either logic 1 or logic 0 depending on their

—_—
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ans for detecting a second sign bit corresponding to a second position
or sanple, least significant bit detection neans for detecting a | east
aoni ficant bit of the track identification information, and first

bi nati on neans for conbimru;t{e first sign bit, the second sign bit a
gost significant bit of the tré% identification information to determn
-}-ther the transducer has noved between tracks. The anal ysi ng nmeans nay

cq -r ctl HH%F) in a correctlonfga
niinbe awqigé eterm necﬁﬂ}p t%eﬂ%g% ap{l on § t e§%rst sign bitflr:
s Cbrpﬂauqn%lrttﬁltﬁwethaaa@xwgmuaumtiﬁ tga¥n t he track

lf‘nt¢6ﬁﬁiﬁlléa amplitude. The serial digital track ID bits
4  are shifted into the shift register 54 to produce a
parallel track ID word. This track ID word is in Gray
code and is converted to a binary track ID word by
combinational logic 58. The binary track ID word is
latched in a latch 60 and provided to track ID
correction logic 62 which will be explained in more
detail later. The output of the correction logic 62 is

signal which identifies the particular track over which
the servo transducer 14 is flying.

. The shift register 54 is alsoc used to provide
index information to an index pattern detector 64 which
is not important to an understanding of the present
invention and so will not be discussed further.

The AGC'd analog signal from the AGC loop 34 is

T e e

U

a track identification signal or absolute position : A

also transmitted to a phase locked oscillator loop (PLO -
loop) 66 (Figure 6A). The PLO loop 66 comprises an |
analog switch 68, a phase comparator/multiplier 70, a
voltage-to-current conververter (charge pump) 72, which

includes a balance circuit 74 for balancing the voltage- '
to-current converter 72 once per servo sector so that 'é
there is zero current output for zero voltage input, an ;
analog switch 76, a filter 78, a voltage controlled ;
: oscillator 80 and a clock generator 82. The PLO loop

i 66 locks onto the phase and frequency of the AGC'd

analog signal provided by the AGC loop 34. Then, the

| analog switch 76 is opened allowing the PLO loop 66 to

open. The signal provided to the voltage controlled

oscillator 80 is then held constant. Hence, a constant

frequency results at the output of the voltage

controlled oscillator 80. Therefore, the frequency of
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rmat-i on, and second conbi nati on nmeans for conbining the correction

er which the coarse position signal to reflect the proper track
tification information. The |nvent|on is illustrated, nerely by way of
pl e, is the acconpanying draw in which:- Figure 1 is a block

ntion; Figure 2 is a view of a disk surface used in a sectored servo

°Ma digital feed back signal 120 from the clock generator

82 is also constant. .

The output of voltage to the voltage-to-current
converter 72 is also ptovided to a PES capacitor 84
through an analog switch 86. Voltage is integrated on
the capacitor 84 during synchronous demodulation of PES
fields PES1l, PES2A and PES2B. This voltage is applied
through a buffer 88 to an analog-to-digital (A/D)
converter 90. The output of the A/D converter 90 is
provided to a composite PES generator logic 92. The
composite PES generator logic 92 comprises latches 94,
96, a digital adder 98, multiplexers 100 and 102,
multiplexer control logic 104, a switchable inverter
106 and inverter control logic 108. The output of the
composite PES generator logic 92 is a composite PES word
or fine position off track error which represents the
distance that the servo transducer 14 is tracking from
the track centre. _--'

The composite PES word, togethef.w;th the
corrected track ID word, form one digital position word
which is typically 19 bits long. The digital position
word defines the radial position of the servo transducer
14 on the servo disk 16 in a continuous fashion down to
approximately one or two micro-inches of quantisation. .

The PES capacitor 84 is also selectively connected
to a DC null loop 110 comprised of the A/D converter 90,
a one-bit latch 112, and integrator 114, a buffer 116,
an analog switch 118 and the buffer 88. The-DC null
loop 110 drives the initial voltage on the PES capacitor
84 to a mid-point between upper and lower reference
voltages applied to an internal resistor ladder in the
A/D converter 90.

Operation of the positioning system is described
with reference to Figures 7 and 8. Figure 7 is a

R
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re 3A is an enlarged view of a portion of a servo sector of the disk
in Figure 2; Figure 3B is a diagramof the format of servo

timing diagram which shows the relationship between
logic control signals generated by the programmable
event generator 56, the analog position signal and the
PES capacitor voltage as the servo transducer 14 moves
over one servo sector. Figure 8 is a timing diagram
showing the relationship between various signals related
to the synchronous demodulation of the fine position
information in the servo position demodulator 22 as the
servo transducer 14 moves along one servo sector.

As the servo transducer 14 passes over the AGC/PLO
synch field in the servo sector, the programmable event
generator 56 closes the switch 44 to close the AGC loop
34. The AGC loop 34 acquires the proper gain so that
the amplitude of the analog position signal is
compensated for amplitude changes caused by changes in
track radius, transducer flying height, and other
media properties Also,_ aé'the servo transducer 14
flies over the AGC/PLO synch field, the programmable
event generator 56 closes the analog switches 68, 76 to
close the PLO loop 66. When the PLO loop 66 is closed,
the voltage control oscillator 80 locks onto the phase
- and frequency of the AGC'd analog signal provided by the
AGC loop 34. The PLO loop 66 uses the digital feed back
signal 120 which locks in at a 90° phase shift from the
AGC'd analog signal provided by the AGC loop 34.

After the servo transducer 14 has passed over the
PLO/AGC synch field, the analog switches 44, 76 are
opened and both the AGC loop 34 and the PLO loop 66
enter a hold mode. While in the hold mode the amplifi-
cation in the AGC loop 34 and the phase and frequency of
the feed back signal 120 in the PLO loop 66 remain
constant. :

Next, the servo transducer 14 passes over the
track ID field in the servo sector. The serial digital
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Fi.gure 4B shows the rel ationship between the transducer and

tised areas on the disk; Figure 5 is a diagramused to describe mathe-}

ally the anplitude of the transducer output signa
1s

track ID bits are formed by the comparator 50 and
shifted into the shift register 54. The Gray code track

ID bits are converted into a binary code by the }

converter 58 and latched into the latch 60.

Finally, the servo transducer 14 enters the PES
fields in the servo sector. The switch 68 is closed
applying the analog position signal to the phase
comparator/multiplier 70 while the switch 76 remains
open. The feed back signal 120 is multiplied by the
analog position signal in the phase comparator/

multiplier 70. Since the information in the PLO/AGC |

synch field is recorded 90° out of phase with the |
information in the PES fields, and since the feed back
signal 120 is held with a 90° phase shift, the multi-
plication performed at the phase comparator/multiplier
70 produces a full wave rectification of the analog
position signal. This is shown by plot C in Figure 8.
Figure 9A illustrates the output of the phase
comparator/multiplier 70 for the.five radial positions
of the servo transducer 14 which.were deécribed éarlier
with reference to Figure 4A. Also, Figure 9B shows the
spatial relationship between the centre of the servo
transducer 14 and the centre of track B in radial
transducer positions 1 to 5. In the PES fields, the
amplitude of output signal of the phase comparator/
multiplier 70 is proportional to the _distance between

the centre of the servo transducer 14-and the centre of
track B. The polarity of the DC component oi'the signal
indicates the direction of the off-set. Hence, when
the current provided by the voltage-to-current converter
72 is applied to the PES capacitor 84, the current is
integrated, producing a positive or negative voltage
ramp dependihg on the polarity of the current. Several
such voltage ramps are indicated at points 122, 124 and
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I rear function of the distance of the transducer centre fromthe
centre; Figure 6 is a detailed block diagramof a servo position

il ator; Figure 7 is a timng diagram showi ng PES capacitor voltage

) one servo sector; Figure 8 hbg a tinm ng diagram showing the relation-

petweeq events in the servo position denodul ator of

126 in Figure 8.
Figure 10 illustrates the general case where n

LR PIRUL Y Y W NP PR S SRRSO ..

cycles of current are integrated to produce the analog
voltage on the PES capacitor 84 corresponding to one PES
field. The integral is solved as follows:

n cycles 1 cycle +1n/2
Vpes = 1 J i(t)d&t = n J i(t)dt = n J i(e)ds
c c c w
+T/2 -n/2
= n [ 2d Vm gm Cos 8 1 d8 = n - 2 - 2Vmgm - 4
c b W c b w
-n/2
Eq. 2
where
n = # cycles measured
" b = width of transducer 14
¢ = capacitance of PES capac1tor 84
Vm = maximum AGC'd amplitude
gm = gain through charge pump 72
W

= frequency of position signal.

The result shows that the final voltage on the PES
capacitor 84 is directly proportional to the off track
error, 4, sincen, ¢, b, Vm, gm and W are all
constants. The relationship between the final analog
voltage on the PES capacitor 84 corresponding to the
PES1 field and the off track error, 4, is graphically
illustrated in Figure 11. The voltage ramps for five
radial positions in one servo sector are shown as they
relate to off track error, 4.
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®re 6; Figure 9A is a graph show ng the output of a nultiplier of the

rvo position denodul ator of Figure 6 as a function of track radius; !
re 9B is a diagram showi.ng nagnetised bits in a servo sector and the -
jtion of the transducer which_corresponds to the positions in Figure 9A
igure 10 is a dlagran1mh|ch |II&§trates t he :

The final voltage on the PES capacitor 84 is also

; proportional to the number, n, of cycles integrated. 1In Q
the PES1 field, n cycles are integrated and the A/D 1
converter 90 converts the analog voltage on the PES
capacitor 84 into a digital signal which is latched in
the latch 94. For the PES2 fields, first n/2 cycles
(for the PES2A field) are integrated and the A/D S
converter 90 converts the value to a digital signal ::*%
which is latched in the latch 96. Then, after the PES1 it
field is integrated, another n/2 cycles (for the PES2B E:
: field) are integrated and another A/D conversion is made ;
§ by the A/D converter 90. The resulting digital signal :
i is provided to the adder 98 where the digital signal !
representing the PES2A field is added to it to produce a '
full PES2 position sample. The number of cycles, n,
chosen should be high enough to achieve the averaging of
possible media defects over several cycles. However,
it must not be so high as to produce an overly long
servo sector since the length of the servo sector limits
the maximum radial velocity of the servo transducer 14.

The final voltage on the PES capacitor 84 is also
proportional to the capacitance of the.PES capacitor 84.
Note that the same PES capacitor 84 is used to produce
the analog PES voltage for both the PES1 and PES2 _
position samples. After the A/D conversion of the final
ramp voltage of a PES measurement, the digital result
is latched so the analog voltage on’ the PES capacitor”84
can be re-set, and the same PES capacitor 84:can be re-
used for the next PES measurement. This eliminates the _
possibility of position error due to capacitance mis- E
match which would result if two or more capacitors were
used to produce the analog'PES voltage. Using only one
capacitor to integrate the position signal for both the W
quadrature and normal fields increases the accuracy with wi;;:
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i onshi p between the final voltage on the PES capacitor and the off
error of the transducer; Figure 11 is a graph of an anal og vol t age

§ versus track radius of the transducer in one servo sector;

Figure 12A :

i nore detail ed bl ock dlagran1§§ a DC null loop; Figure 12Bis a timng

an1shomnng t he

which the servo transducer 14 follows the track.

Accordingly, only a single A/D converter 90 is
required to convert the analog PES voltages to digital
signals. This lowers the overall cost of the servo
position demodulator 22. Also, the A/D conversion made
by the A/D converter 90 is made early in the processing
chain in the servo position demodulator 22. The
addition of the PES2A and PES2B position samples and the
formation of the composite PES signal all take place in
the digital domain. This minimises the amount of analog
circuitry and associated errors such as off-set errors,
gain errors, linearity errors and variation with
temperature. Additionally, all of the digital circuits
can be fabricated into one compact integrated circuit to
save space.

Because DC voltage off-sets in the buffer 88 and
the analog switch 118 would create an off-set error in
the final digital composite PES signal, the DC null
loop 110 is provided. Figure 12A shows the DC null loop
110 in greater detail and Figure 12B is a timing diagram
showing the relaticnship between signals occurring in-
the DC null loop 110. As the servo transducer 14 passes
over each servo sector, and before it reaches the PES
fields, the programmable event generator 56 closes
analog switch L3 connecting PES capacitor 84 to the
output voltage of integrator 114.

Next, programmable event generator 56 geherates a
signal on an output L7 causing the A/D converter 90 to
perform a first A/D conversion. The A/D converter 90
comprises a resistor ladder connecfed between refefence
voltages VREF+ and VREF-, 15 comparators including a
most significant bit comparator 130, and a logic decode
132 which decodes a most significant bit. of the A/D
converter 90. Resistors R1 and R2 which represent the
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i onshi p between key signals in the DC null |oop of Figure 12A; Figure lf;

"13A%shows the concept of a total position word; Figure 13B is a di agram !
show ng PES voltages and the |east significant bit of the raw track :
I den rlfication nunber as a functigg of transducer

|

l

I

¥ elg

resistor ladder condensed into two resistors, act as a . I
voltage divider creating an internai voltage mid-point H
Vmidref at a node 129.
' After the first A/D conversion, the most signifi-
cant bit of the A/D converter 90 is decoded and latched
into the one-bit latch 112. The value of the latched
most significant bit depends on whether signal Vin is
greater or less than the internal voltage Vmidref at the
node 129. During initial calibration of the servo
position demodulator 22, the gain in the AGC loop 34 is
set so that the A/D converter 90 full digital scale
corresponds to one half of a servo track. The internal
voltage Vmidref corresponds to the track centre or zero
position error. The latched, most significant bit is
applied to the integrator 114. The output of the .
integrator 114, an external voltage Vmidref at a node ? ;i
134, is driven towards the value of the internal iié%
voltage Vmidref. The gain through: the integrator 114 is i
chosen so that the external voltage Vmidref just crosses
the internal voltage Vmidref befgre ‘the next servo
sector: This is shown in Figure 12B. The peak to peak
limits of the external voltage Vmidref must be kept much
lower than the analog value of a least significant bit
of the A/D converter 90. This keeps the initial voltage
on the PES capacitor 84 as close as possible to the ' éfﬁ
exact centre of the digital scale. . ;,f%.
After the first A/D conversion is .completed, the ji;" ;
switch 118 is opened and the A/D converter 90 is avail- ' | i
able for conversions 2, 3 and 4 which are conversions _ k
for the position samples read from the PES2A, PES1 and
PES2B fields. Between position samples, the switch 118
closes to re-set the PES capacitor 84 to the external
voltage Vmidref. Hence, the DC null loop 110
compensates for static or time variable DC off-sets in

[ PSRN
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‘pegition; Figure 13Cis a truth table giving the correction nunber for
dcase shown in Figure 13A; Figure 13D is a block diagramof a track
5ifi- cation correction feature; :

24

the buffer 88 and the switch 118, which are inside the
DC null loop 110. This increases the track following
accuracy of the servo transducer 14.

The technique of time multiplexing the A/D
converter 90 between DC null loop operation and PES
conversions eliminates the need for two separate A/D
converters to perform these tasks. This reduces the
cost of the servo position demodulator 22.

As described earlier, after the PES capacitor 84
is re-set to the external voltage Vmidref, the output
of voltage to the voltage-to-current converter 72 is
connected to the PES capacitor 84 through the analog
switch 86 and the PES capacitor voltage ramps up or down
as shown in Figure 8. The difference between the final
voltage on the PES capacitor 84 and the initial voltage
is proportional to the distance of the centre of the
servo transducer 14 from the track centre.

Figure 13A shows the concept of a total position
word. The track ID number and the digital value
representing the PES field samples are combined to
define the radial position of the servo transducer 14

anywhere on the servo disk 16. The track ID number
defines the track and the PES samples define the
position within the track.

However, a problem can still arise. As the servo
transducer 14 flies over the track on the servo disk 16,
it moves over the track ID field prior to moving over
the PES fields. Hence, the track ID information is
decoded earlier in time than information read f£rom the
PES fields. Since the information read from the .PES
fields is read later in time, it is more recent and,
hence, more accurate position information than that
read from the track ID field. When the servo transducer
14 is moving radially, it has a slanted trajectory
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Fiaure 13E shows one inplenmentation of the track identification correctiur*
feature; Figure 14A shows track crossing plots for the PES fields in a T
servo on-data-system Figure 14B shows the rel ationship between the
transducer position in the servgssector and the track crossing plots; 5
Fi gure 14C shows the position off“t he transducer

!
|
: across the servo sector. Therefore, it may enter the ii EE
servo sector in the track ID field of one track but i !
cross a boundary between tracks and exit the servo
sector from the PES field of the next track. This will
result in an occasional mis-match between the track
boundary defined by the track identification information
and that defined by the PES fields. It then becomes
necessary to correct the track ID number so that it i
corresponds to the track from which the servo transducer E
14 reads the PES field samples.
In the present embodiment, correction logic 140 A
' (shown in Figures 6B and 13D) is used to detect when it il
is necessary to correct the track ID so that it
corresponds to the track number from which the PES field | .
samples were read. Figure 13B is a graph of the !i_'
amplitude of the position signal corresponding to the f
PES fields, in 2's complement form, as it relates to Ezzr
the least significant bit in the track ID signal.
Figure 13B also shows a corrected least significant bit
in the track ID signal. ' .o

Trace A represents the 2's complement form of the
amplitude of the position signal corresponding to the
PES1 field. Trace B represents the 2's complement
amplitude corresponding to the PES2 field (the PES2A
field + the PES2B field). The truth table shown in
Figure 13C defines the conditions where the track ID
information is not correlated with the PES field
information and the correction word which is:required.

The correction logic 140, shown in Figure 13D,
forms a correction number of #* 1 which is added to the
track ID in an adder 142. For all other cases, the
number 0 is added to the track ID. He

Figure 13E shows the correction logic 140 in more H’}
detail. It should be noted that the addition of the L

L




s¥/er one track in the servo sector; Figure 15A shows transducer trajectogly-
oy er a servo sector caused by radial novenent of the transducer as the digk
Ptates; Figure 15B is a plot showing the effect of radial velocity of the

¥
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t} ansducer on the PES track(nf§3|ng pl ots; Figure 15C shows the correctdq ,
PES track crossing Heo
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correction word to the track ID could also be accompli- i

i shed by software in the servo control processor 24.

§ This correlation allows the servo control processor 24

| to use bits of the digital composite PES signal along
with a track ID to determine very precisely the position
and velocity of the servo transducer 14 even at high

- . -

radial velocities. The increased accuracy of the total
position signal at high radial velocities helps to
minimise both the time and power required for performing
a track seek operation. At low radial velocities,
such as at the end of a track seek opefation, this

i correlation permits a smoother settling of the servo
transducer on a track.

Figure 14A is an imaginary tracing of digitised
final voltage values of the analog PES ramps generated R
at the PES capacitor 84 for all radial positions of the | if?
servo transducer 14 across four adjacent-tracks in a f ¥
servo-on-data system. These imaginary tracings are _ﬁ’
called track crossing plots. The digital values are in
2's complement form and the point at which the track
crossing plot for the PES1 field crosses 00 hex o
represents the track centre. : : : m

Demodulation of the PES2A field produces the PES2A
tracking plot shown in graph Gl of Figure 14A.
Similarly, demodulation of the PES1l and PES2B fields
produces the PES1 and PES2B track crossing plots, .
respectively. These three track crossing plots represent
all possible ideal digital input combinations to the
composite PES generator 92.

Graph G1 in Figure 14A shows the three track
crossing plots condensed onto a single plane. Since
there are equal number of cycles in the PES2A field and ;
the PES2B field, their corresponding track crossing ?3'h
plots coincide. However, since the integration if'? i
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ts aftter being conpensated for radial velocity of the transducer; Figqf”
A shows the track crossing plots for the PES fields in a dedicated servg

tem Figure 16B shows the rel ationship between the transducer position;
the servo sector and the traaﬁ crossing plots; Figure 16C shows the i
ition of the transducer |

measurement time period for the PES2A and PES2B fields
is only one half that of the PES1 field, the slope of
the PES2A and PES2B track crossing plots in volts per
micro-inch is only one half that of the PES1 track
crossing plot. _

The PES2A position sample is added to the PES2B
position sample to produce the total PES2 or quadrature
sample. One hardware implementation to perform this
addition was discussed with reference to Figure 6. This
addition can also be performed graphically. Graph G2 in
Figure 14A shows that the addition of the PES2A and
PES2B track crossing plots produces a new track crossing
plot which has the same siope as the PES1 track crossing
plot. '

The PES1 and PES2 track crossing plots shown in
graph G2 in Figure 14aA are the inputs to the composite
PES generator 92. Howevef, at only one radial position
along the servo disk 16, only one -of the two plots is

linearly with transducer position. There are eight

‘distinct regions labelled 2 to h which repeat across the
track. By monitoring the amplitude and polarity of the
PES1 and PES2 position samples, the composite PES
génerator 92 determines over which of the eight regions
the servo transducer 14 is flying. The composite PES

generator 92 then creates a composite position error if*
sample output which is the standardised form of position A _
error sample required by the servo control processor 24. L

The composite PES generator 92 accomplishes this by
inverting the slope or changing the sign bit of the PES1
or PES2 track crossing plots when necessary, and
combining the linear portions to create the desired

composite PES track crossing plot shown in graph G3 in
Figure 14A.
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oyer one-track in the servo sector; Figure 17 shows a servo systen1haviﬁﬁ'y
nul tiple i ndependent actuators; and Figure 18 shows a top view of a digki-
ih the servo system shown in Figure 17

28

Figures 15A to 15C show how the addition of the

PES2A and PES2B position samples helps to compensate for

high radial velocity of the servo transducer 14. A

! slanted trajectory of the servo transducer 14 is shown
by arrow 150 in Figure 15A. This slanted trajectory
causes an apparent shift in the PES1 and PES2B track
crossing plots as shown in Figure 15B. The actual value :
of the PES2A and PES2B fields is shown by a solid line e
and the ideal value is shown by a dashed line. By Wil
adding the PES2A track crossing plot with the shifted
PES2B track crossing plot, a new track crossing plot,
PES2C, is formed as shown in Figure 15C. The PES2C

. track crossing plot has the correct orientation with
respect to the PES1 track crossing plot. By using this
technique, the composite PES output is generated
correctly, independent of the radial velocity of the
servo transducer 14. Without this feature, non-
linearities in the composite PES output would occur due
to the slanted trajectory of the servo transducer 14. ;
This allows more efficient actuator control during track |
seek operatiohs. |

< et s Sy

This invention is not limited for use in dedicated
servo systems such as the one shown in Figure 1. This
invention may also be used in hydrid servo
configurations. A hybrid system has a dedicated surface
containing servo sectors and other disks which contain :
one or more similar servo sectors per revolution which fii:
are decoded for data transducer thermal off-set F
compensation. Since a common servo sector pattern is
used, through the use of time multiplexing only one
servo position demodulator is needed.

The present invention may also be used in servo-
on-data type servo systems where each disk surface has
servo sectors. 1In this type of system, customer data is

This Sheet Has Been Replaced

(R




Eigure 1 is a block diagramof a negative feed back transducer F
pogitioning system8 according to the present invention. A stack of
magnetical Iy encodabl e disks is shown generally at 10. An electronechanlcai
actuator (or E-block) 12 is used to position a servo transducer 14 and a :}
plurality of data transducers 1&%adially with respect to a servo disk 16
and dat a di sks

written between the write protected servo sectors. Any
head actively reading or writing customer data is also i
acting as its own track following error sensor. This

increases track following precision and allows higher

track densities to be achieved.

Another servo system configuration in which this .
‘invention may be used is one having multiple independent i
actuators 200. This is shown in Figure 17. If a flli,
multiple actuator system contains n actuators 200 and :_QZJ?
corresponding amplifiers 202, the servo sectors under jrl*%ﬁ
servo transducers 204 on adjacent actuators are |
staggered by 1/n of the distance between servo sectors
on one disk. The servo sectors for adjacent actuators
must not overlap. This is illustrated in Figure 18. 1In
this type of system, a multiplexer 205 continuously
cycles through the servo sectors of the actuators 200.
The advantage of this configuration is that only one
servo control processor 24, along'wWith a digital
demultiplexer 206, D/A converters'zoai the amplifiers
202 and one servo demodulator 22-are needed to control

é several actuators 200 (again through the use of time
:  multiplexing).

T A

—

AR
. The servo sector format described in this N ?)
invention may be used with linear or rotary actuators. E :'
A method for creating the composite PES output for 5';'
a dedicated servo system is shown in.Figures 16A to 16C. L
The servo track width can be twice the data track width. .
The servo transducer 14 is then twice as wide as a data i P
transducer 18. This can help minimise non-linear S
effects of fringing fields read by the edges of the
servo transducer 14. It can also improve the signal to
noise ratio of the track ID bits. In this case, the
composite PES generator 92 merely inverts the slope of
the 4, e, £ and g segments. The servo track centres are

T ol
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1ﬂ,'respective|y, The servo transducer is positioned over a desired traptl'
on the servo disk 16 where it is held while the data transducers 18, whi

are al so connected to the E-block 12, performread or wite operations.
servo transducer 14 reads posit'&n i nformati on fromservo disk 16 and
provi des position signals to a %

provided to a :

derived alternately from PES1 and PES2 position samples.

For a servo-on-data system, the transducer is
used for both serving and reading and writing customer
data. The servo track and data track are automatically
the same width. The composite PES track crossing plot
is then formed as shown in graph G3 in Figure 14A.

Slope segments a and d are re-positioned to extend the
linearity of the b and ¢ seéments. This produces a
linear PES plot across the full track width. Similarly,
the e and h segments extend the linearity of the f and g
segments. The track centre is always derived from the
PES1 position sample. One advantageous feature of this
method is that the composite PES field has one more bit
of quantisation than the A/D converter 90 used in the
servo position demodulator 22.

' The present invention uses the correction logic
140 to detect when it is necessary to correct the track
ID so that it corresponds to the track number from which
the PES field samples were read. This correlation
technique can also be accomplished by software in the
servo control processor 24. By correlating the track ID
information with the position error sample information,
mis-matches between the track boundary defined by the
track identification information and that defined by the
PES fields is avoided. .

Further, this correlatioﬁ'technique allows the
servo control processor-24 to use bits of the ditigal
composite PES signal along with the track ID to deter-
mine very precisely the position and velocity of the
transducer 14 even at high radial velocities. The
increased accuracy of the total position signal at high
radial velocity helps to minimise both the time and
power required for performing track seek operations.
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sEtvb position denodul at or 22. The servo position derrodul at or 22 decodes
he position information and presents it, in,digital form to a servo

control processor 24. The servo control cessor*?ﬁ—eﬁﬁﬁaees—Phe—decode
position signal received fromthg servo position de or 22 with a -
desired position signal to determ ne a transducer @m mj lm”” e
trians- ducer position error represents the differe

CLAIMS

1. A method of determining the position of a
transducer (14) relative to a disk in a data storage
system (10), characterised by comprising the steps of:
reading track identification information from a disk in
the data storage system (10) to provide a coarse
position signal identifying a track that the transducer
is positioned over; reading position error samples from
a disk in the data storage system (10) to provide a fine
‘position signal representing transducer position error
within a track that the transducer is positioned over;
and correlating the coarse position signal and the fine
position signal so the coarse position signal and the
fine position signal correspond to the same track on the
disk.

2. A method as claimed in claim: i- characterised in

that the correlating step comprises determining whether
the transducer (14) has moved betweeri” tracks after _
‘reading the track identification information and before g
reading the position error samples and _adjusting the
coarse position signal to reflect the proper ‘track

identification information when thextransducer has
moved. 1“. ;:r’

3. A method as claimed in'claim Zﬁeharacierised in
that the method determining step compf;ses determining a

first sign bit corresponding to a firsﬁ'position error

sample, determining a second sign bit corresponding to
j a second position error sample, determining a least
: significant bit of the track identification information
and determining whether the._transducer has moved between '
tracks based on the first sign bit, the second sign bit = K
and the least significant bit of the track identi-

—_—_—
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igle 'actual position of the transducer 14, indicated by t he decoded p05|tvon
‘SHgnal , and the desired position |nd|cated by—a—ttesi+ed _position signal. !
THe servo control processor 24 then generatesmBli05|t|on correction signal

which is converted to an analog signal in dig ,Imﬂumu A) convertier.
26 and applied to the E-block32 through a po IThe posi tijon

correction signal causes the E-bl ock

fication information.

4. A method as claimed in claim 3 characterised in
that the adjusting step comprises determining a
correction number to be added to the coarse position
signal, the correction number having a value based on :
the value of the first sign bit, the second sign bit i
and the least significant bit of the track identi- ;
fication information, and combining the coarse position
51gnal with the correction number to reflect the proper
track identification information.

5. Apparatus for determining transducer position

‘relative to a disk in a data storage system (10),
characterised by comprising track reading means for

' reading track identification information from a disk
(16) in the data storage system (10) to provide a coarse
position signal (ID) identifying a track that the
transducer (4) is positioned over; p051tlon error
reading means for reading p051tlon error samples from a
disk (16) in the data storage system to provide a fine

: position signal representing transducer poeition error

“within a track that the transducer (14) is positioned
over; and correlating means for correlating the coarse
position signal (ID) and the fine positien signal so the
coarse position signal (10) and the fine position signal
correspond to the same track on the disk. |
6. Apparatus as claimed in claim 5 characterised in ' €ﬁ
that the correlating means comprises boundary crossing '
means for determining whether the transducer has moved
between tracks after reading the track identification
information and before reading the position error
samples (PES1,. PES2) and correction means for correcting
the coarse position signal to reflect the proper track

identification information when the transducer has
moved.
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iz to nove the transducers 14, 18 radially mm,h,LespeCT"o the dISkS 16,
In order to mnimse the transducer position error\ ‘“m\\ k sur f ag

of the servo disk 16 is dedicated ‘l‘
' 3

-~

7. Apparatus as claimed in claim 6 characterised in
that the boundary crossing means comprises first sign
bit detection means for detecting a first sign bit (PES1
sign Bit) corresponding to a first position error
‘'sample (PES1l), second sign bit detection means for
detecting a second sign bit corresponding to a second
position error sample (PES2), least significant bit

. detection means for detecting a least significant bit of
the grack identification information (TRK, ID, LSB),
and first combination means (146) for combining the
first sign bit, the second sign bit and the least
significant bit of the track identification information
to determine whether the transducer has moved between

. tracks.

E 8. Apparatus as claimed in claim 7 characterised in
that the correction means comprises correction number
determining means (140) for determining a correction
number having a value determined by :the combination of

" the first sign bit, the second sign bit and the least

i significant bit of the track identification informétion,
and second combination means (142) for combining the
correction number with the coarse position signal (ID)
to reflect the proper track identification information.
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tolcontain servo tracks. This surface is shown in Figure 2. The servo
position information in the servo tracks is not continuous but is condensed
into evenly spaced sectors. This is known as a sectored servo system

The servo transducer 14, flying over the servo sectors as the servo disk
16 rotates, produces a sanplin %ffect in which the actual, decoded
position information provided to the servo control processor 24 L//

ABSTRACT

" METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER .

A method of determining the position of a
transducer (14) relative to a disk in a data storage
system (10), comprises the steps of: reading track
identification information from a disk in the data
storage system (10) to provide a coarse position signal
identifying a track that the transducer is positioned
over; reading position error samples from a disk in the
data storage system (10) to prqvide a fine position.
signal representing transducer position error within a
track that the transducer is positioned over; and
correlating the coarse position signal and the fine
position signal so the coarse position signal and the

fine position signal correspond to the same track on the
disk. '

[Figure 1]
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ant

is up-dated at the end of each servo sector. Figure 3Ais an enlarged |
portion of one servo sector on the servo disk 16. Figure 3B shows.the
format of servo information represented by black and white,bars, in pne
servo sector on the servo disk 16. The black and white bars| epr esent f
opposi t?\ gnetiged ameas on a surface coating of the ser‘\(o. di sk 16.
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tc;get'her S0 that the position signal generated by the servo transducer 14 !
I's generally sinusoidal. Figure 3B shows that one servo sector contains |
several distinct fields. The fields include a phase |ocked |
oscillator/automatic gain control (PLO AGC) synch field, a tr 5; —
identification (track ID) field, three position error sanple (PEiS),fieI ds ;
and an index field. Figure 3B al so shows the nagnetised areas fpr fthree
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radi us -
and
| B or
on signal

A
A

1

42K

posi t

radi us and i nner
the tr

14 flies over

B and C on servo disk 16 where the outer
It generates a generally sinusoidal

respectively. As the servo transducer

on the servo disk 16,

of the tracks is indicated. The direction of the servo transducer velocity
The si nusoi dal

“and the track centre of each track is indicated by dashed arr

tracks A,

C
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e+ <o it e s e £ S 2

10 i nformati on shown

%.i tion signal represents the magnetically encoded

generated by the

in Figure 3B. Figure 4A illustrates the position signal

14 as a function of

servo transducer
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C— . :
five radial transducer positions along a single track (for exanple track B)

on the servo disk 16 where position 3 represents the centre of the track.
Positions 1 and 5 represent off centre positions where the cengse of the

servo transducer 14 is radially aligned with, and flying over [out er
radius or inner radius of track B, respectively. If the servo trans- ducer
14 were tracking along position 1, a position I
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r

di stance between position 1 and position 3 would

i f transducer

to the radial

error equal

exi st.

-y

&

14 were tracking along position 5,
di stance between position 3

to the radial
Positions 2 and 4 al so represent off centre posi

the off centre position error

Simlarly,
associated with positions 1

position error equal

5 woul d exi st.

However,

a
n@l position;
i
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Is not as large as the er
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nch
14

o
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e

ag

and each of thef:
jtg . ‘ . |

rel ati onshi p between the servo
i n phase and frequency fromtrack to track
Figure 4A shows that, as the servo trah

the magneti sed areas of the servo disk 16,
transducer positions 1 to 5. The information encoded in the PL
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In the track ID field, the track ID nunber is encoded as a Gay code where
only one bit changes fromtrack to track. Each track ID bit is represented
by one dibit cell. The anplitude of—a dibit depends on the radial

position of servo transshes ges Hedn RdplacdN® di bit anplitude exceeds a giXvgl

i L7
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AN

one ‘hal f 't he maxi mum possi bl e anplitude, the dibit is decoded as a logic 1-
in the servo position dempdutator 22. Ctherwise, it is decoded as a |ogic

0. Therefore, n bit cells defligpReedservo tracks on the disk. In the PES: [il}
fields (PES1, PES2AT S magneti c informati on encoded ? jacent 'E{
tracks is recorded [ se. This produces a chequer-,za dhr_*f i
pattern of nagneti satli etic e ;
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information in the PES fields is al so recorded pl us or minus [err] out of
phase with respect to the magnetic infdh

[iheetias cefin the PLQ' AGC synch:
field. The PES1 field is also called a n he boundary t&een L
t he magnetisation tracks in the normal f ; ged so that E
on the centre line of the data tracks.

ey Tie ? ;

Therefore, when the servo t qshgbery
14 is over the normal field, as the servo U =
o 8 [or]
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transducer 14 noves radially further fromthe centre position 3 of track B,
the anplitude of the position signal fromthe servo transducer 14 is

as the servo transducer 14 noves radially closer to the
the anplitude of the position signal is smaller. /T

PES2 field (also knowmn as a quadrature field) is split in half. Hal ¥ee ﬂ‘fﬁé

| arger. Simlarly,
centre position 3,

quadrature field (t

;

Compo
PES

Position Word

Total
Binary
Track 1D

++-00 00 00 00 000000 00 00 00
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PES2A fiel'd) lies on one side of the nornal field and hal f (the PES2B

field) lies on an opposite side of the nor

Thig Sheeg een
with a magnetisation pattern V\hrﬁﬁ,rﬁ,gmlw
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normal fiéld but which is radially off-set fromit by half a track w dth.

Ther ef or e,

t he posit

when the servo trans-
i on signal

posi tions 1PEaSri S5
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ducer 14 is over the quadrature field,
provi ded by the servo transducer 14 is at. a maxi mum
anpl i tude when the servo transducer 14 is flying
position 3 and at a m nimum anplitude when it is

7.
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The <information read fromthe normal and quadrature fields is referred to

as a position error sanple. The normal and quadrature fields each produce

a separate position error sanple.  The anplitude of the position signal/
provi ded by the servo transducer 14 representing the position error §gﬁﬁyqs7
is a linear function of the distance of the centre of the servo transddcej -
14 fromthe track centre (position 3). This iy
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I's shown theoretically in Figure 5. The servo transducer 14 is noving

relative to the servo disk 16 in the dir
servo transducer 14 may be regarded as bei ng conpo

lon indicated by arrow 30. The
—of—a_.set of read

el ements of differential w dth operating

are adde
positian

t oget her or i

sPEStl fromth

: Bldgel, p Wh0SE Out put i Al
. é;?r;gsnggE‘;ﬁ’ﬁ%’”ﬁ}?ﬁi}ﬁﬁT Put volpt age gf‘ d,fe/7

00 &
10

>uin,

. Fig. 16HA

~PES 1

Composite PES

>t in.

ég‘{ N

NN N

e g

.

DATA
TRACK

PLO/AGC SYNCH

A
| i
LOOERE ORRNNRREE ARQ800 D010 Track Canter
RIREROE ARRRRNNNEN SEO0NS
TOR0N0 RRORESENNY OO0
i annnn o

|
TRAC!( ID _lESZA_!_ PESI _FESZBJI 9-'; p 6 a
9.



14. ¥ For a first .order approximation, it is assumed that the position -

signal fromthe servo transducer 14 is sinusoidal. Any fringing field
effect is neglected. Since the magnetic pattern in the serve—sector wa 7/
originally witten [err] out of phase for adj aﬁﬁsﬁhe&y‘d Rtpe si gnal
produced by a differential read elenment, dy, das elther/ /’
plus or mnus VmCos (w). The total out put vo servo
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METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER

This invention relates to methods of and apparatus
for determining the position of transducers. o

Disk file data storage systems contain one or more
magnetic disks on which data is stored in concentric
tracks. A transducer writes, or magnetically encodes,
the data on the track. The transducer is also capable
of reading the magnetically encoded data from the
tracks. ' )

An electro-mechanical actuator operates within a
negative feed back, closed loop servo system. The
actuator moves the transducer radially for track seek
operations and holds the transducer directly over a
track for track following operations.

A servo transducer reads position information from
the disk and provides a pdsition Signal'which is @ecoded
by a poéition demodulator and presented ih'digital form
to a servo control micro-processor. The servo control
micro-processor essentially compares actual radial
position of the transducer over the disk with desired
position and commands the actuator to move in order to
minimise position error. '

In one type of servo system,
dedicated to contain servo tracks which are encoded with
servo position information.

one disk surface is

The servo positién infor-
mation in the servo tracks is condensed to ‘evenly spaced
sectors. A servo transducer flies over the servo
sectors as the disk rotates and produces a sampling
effect. The actual-position transducer information is
up-dated at the end of each servo sector through the use

of track identification information and pbsition error
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di stance fromthe centre of the servo transducer 14 to the nearest data
track centre (a boundary between the +Vm Cos (wt) and -Vm Cos (wt) regions
Fn the PES1 field). The distance d nay be positive (towards the inner

radi us) or negative (towards the outer,radius). If b equals the w dth of
the servo transducer 14, then each red % el ement dy contributes a fraction
equal to dy/b towards the total output voltage provided by the

information. The track identification number is pre-
written into each servo sector and serves as coarse
transducer position information. The position error
information is written in the servo sector and
represents the distance that the servo transducer is

located from the centre of the track. This position
error information serves as fine transducer position
information. '

The position error information is generally
written in two fields. One is referred to as a
quadrature field and the second is called a normal
field. Position error information obtained from the
normal field or the quadrature field is called a normal
or quadrature position sample. By decoding the position
samples obtained from these two fields, the off track
position of the transducer is determined relative to the
centre of the track. The position samples are typically
decoded by integrating the analog position signal
provided by the transducer which represents the position
error information magnetically encoded on the disk. The
integrated signal is then converted to a digital signél
representing transducer position error.

In these servo systems, during certain operations,
the transducer moves radially with respect to the
magnetic disk. Typically,. as the transducer flies over
a track on the magnetic disk, it moves over a field
containing the track identification number before it
moves over the quadrature and normal fields which
contain position error information. When the transducer
is moving radially from track to track across the
magnetic disk, it has a slanted trajectory over the
servo sector. Therefore, it may enter the servo sector
in the field containing track identification infor-
nation of one track but cross a boundary between tracks
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servo transducer 14. The integral for the PES1 field as shown in Figure 5

Is solved as follows: [err] where b = core gap wdth of transducer 14
¥m = maxi num anpl i tude d = off track error w = frequency of position
signal. The results show that the posgtion signal of the

and exit the servo sector from the quadrature or normal
field of the next track. This results in a mis-match
between the track boundary defined by the track
identification information and that defined by the
guadrature and normal fields.

According to one aspect of the present invention,

. there is provided a method of determining the position

of a transducer relative to a disk in a data storage
system, characterised by comprising the steps of:
reading track identification information from a disk in
the data storage system to provide a coarse position
signal identifying a track that the transducer is
positioned over; reading position error samples from a
disk in the data storage system to provide a fine
position signal representing transducer position error
within a track that the transducer is positioned over;
and correlating the coarse position signal and the fine
position signal so the coarse position signal and the
fine position signal correspond to the same track on the
disk. .

The correlating step may comprise determining
whether the transducer has moved between tracks after
reading the track identification information and before

-reading the position error samples and adjusting the

coarse position signal to reflect the proper track

.identification information when the transducer has

moved. . _

The determining step may comprise deterﬁihing_a
first sign bit corresponding to a first position error
sample, determining a second sign bit corresponding to
a second position error sample, determining a least
significant bit of the track identification information
and determining whether the transducer has moved between
tracks based on the first sign bit, the second sign bit

REPLACEMENT SHEET

o




‘servo transducer 14 V(t) has an anplitude which is a linear function of the
off track error, d. This effect can be seen visually in Figure 4A where the
Si gnal 14 anplitude in the PES1 field is proportional to the

4

and the least significant bit of the track identi-
fication information.

The adjusting step may comprise determining a
correction number to be added to the coarse position
signal, the correction number having a value based on
the value of the first sign bit, the second sign bit
and the least significant bit of the track identi-
fication information, and combining the coarse position
signal with the correction number to reflect the proper
track identification information.

According to another aspect of the present
invention, there is provided apparatus for determining
transducer position relative to a disk in a data storage
system, characterised by comprising track reading means
for reading track identification information from a disk
in the data storage system to provide a coarse position
signal identifying a track that the transducer is
positioned over; position error reading means for
reading position error samples from a disk in the data
storage system to provide a fine position signal
representing transducer position error within a track
that the transducer is positioned over; and corre-
lating means for correlating the coarse position signal
and the fine position signal so the coarse position
signal and the fine position signal correspond to the
same track on the disk.

The correlating means may comprise boundary
crossing means for determining whether the transducer
has moved between tracks after reading the track identi-
fication information and before reading the position
error samples and correction means for correcting the
coarse position signal to reflect the proper track

identification information when the transducer has
moved.

REPLACEWENT SHERT

2 2 NOV 998

This Sheet Has Been Replaced

AT




di stance of the centre of the servo transducer 14 fromthe track centre,
radi al position 3. Also the polarity of the position signal generated by
tthe servo transducer 14 which corresponds to the PESL field indicates the
direction of the off track error In reality, the anplitude of the
position signal of the servo transduE 14 does not change l'inearly across
the full track width. It becones non- I|near at

, The boundary crossing means may comprise first
sign bit detection means for detecting a first sign bit
corresponding to a first position error sample, second
sign bit detection means for detecting a second sign bit
corresponding to a second position error'sample, least
significant bit detection means for detecting a least
significant bit of the track identification information,
and first combination means for combining the first sign
bit, the second sign bit and the least significant bit
of the track identification information to determine
whether the transducer has moved between tracks.

The correction crossing means may comprise
correction number determining means for determining a
correction number having a value determined by the
combination of the first sign bit, the second sign bit
and the. least significant bit of the track identifi-
cation information, and second combination means for
combining the correction number withr the coarse position

_signal to reflect the proper track 1dent1f1catlon
information. ..

The invention is illustrated, merely by way of
example, in the accompanying drawings, in which:-

Figure 1 is a block diagram of one embodiment of a
demodulating system according to the present invention;

Figure 2 is a view of a disk surface used in a
sectored servo system; .

Figure 3A is an enlarged view of a portion of a-
servo sector of the disk shown in Figure 2; -

Figure 3B is a diagrém of the format of servo
information in one servo sector of Figure 3A;

FiQure.4A shows a transducer output signal
amplitude as a function of track radius for one servo
sector; '

Figure 4B shows the relationship between the

REP{ACE&QENT SHEET This Sheet Has Been Repl

22000 w5 TR




sone point near the outside twenty five percent of the track, depending on
t he physi cal dinensions of the servo transducer 14 and its relationship to
t'he di mensions of the witten magneti sed pattern. However, the presence of
the quadrature field (PES2) allows the servo position denDduIator 22 to
overcone this non-linearity. Figure 48 shows the quadrature rel ati onship
bet ween t he PES2A and t he PES2B

transducer and magnetised areas on the disk;

Figure 5 is a diagram used to describe mathe-
matically the amplitude of the transducer output signal
as 2 linear function of the distance of the transducer
centre from the track centre;

Figure 6 is a detailed block diagram of a servo
position demodulator;

Figure 7 is a timing diagram showing PES capacitor
voltage during one servo sector;

Figure 8 is a timing diagram showing the relation-
ship between events in the servo position demodulator of
Figure §; .

Figure SAa is a gfaph showing the output of a
multiplier of the servo position demodulator of Figure 6
as a function of track radius;

Figure 9B is a diagram showing magnetised bits in
a servo sector and the position of the transducer which
corresponds to the positions in Figure 93;

Figure 10 is a diagram which illustrates the
relationship between the final voltage on the PES
capacitor and the off track error of the transducer;

Figure 11 is a graph of an analog voltage PES1
versus track radius of the transducer in one servo
sector;

- Figure 12A is a more detailed block diagram of a
DC null loop;

Figure 12B is a timing diagram showing the
relationship between key signals in the DC null loop of
Figure 123; .

Figure 13A shows the concept of a total position
word;

Figure 13B is a diagram showing PES voltages and
the least significant bit of the raw track
identification number as a function of transducer
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fields and the PES1 field. The anplitude of ‘the position signal provided
by the servo transducer 14 inthe PES2 field is at a maximum and therefore
i'n a non- linear region when the anplitude in the PES1 field is at a
mnimum (and therefore in a linear regipon), and vice versa. Hence, either
the quadrature or the normal field is always in a linear region and there
Is always a |inear rel ationship between the p05|t|on si gnal

position;

Figure 13C is a truth table giving the correction
number for each case shown in Figure 133;

Figure 13D is a block diagram of a track identifi-
cation correction feature;

Figure 13E shows one implementation of the track
identification correction feature;

Figure 14A shows track crossing plots for the PES
fields in a servo on-data-system;

Figure 14B shows the relationship between the
transducer position in the servo sector and the track
crossing plots;

Figure 14C shows ‘the position of the transducer
over one track in the servo sector; _

Figure 15A shows transducer trajectory over a
servo sector caused by radial movement of the transducer
as the disk rotates;

Figure 15B is a plot showing:the effect of radial
velocity of the transducer on the PES track crosszng
plots; .-

Figure 15C shows the corrected PES track crossing
plots after being compensated for radial velocity of the
transduéer;

Figure 16A shows the track crossing plots for the
PES fields in a dedicated servo system;

Figure 16B shows the relationship between the
transducer position in the servo sector and the track
crossing plots; ' '

Figure 16C shows the position of the ‘transducer
over one track in the servo sector; |

Figure 17 shows a servo system hav1ng multiple
independent actuators; and

Figure 18 shows a top view of a disk in the servo
system shown in Figure 17.
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corresponding to one of the PES fields (PES1 or PES2) and the distance
between the centre of the servo transducer 14 and the track centre (the off
track error) no matter where the servo transducer 14 is positioned across
the radial width of a track on the servo disk 16. Figure 6 is a nore
detail ed bl ock diagram of the servo gosition denodul ator 22 whi ch decodes
position information represented by the anal og position signal

Figure 1 is a block diagram of a negative feed
back transducer positioning system 8 according to the
present invention. A stack of magnetically encodable
disks is shown generally at 10. An electro-mechanical
actuator (or E-block) 12 is used to position a servo
transducer 14 and a plurality of data transducers 18
radially with respect to a servo disk 16 and data disks
17, respectively. The servo transducer is positioned
over a desired track on the servo disk 16 where it is

" held while the data transducefs 18, which are also
connected to the E-block 12, perform read or write
operations. _ ]

The servo transducer 14 reads position information
from servo disk 16 and provides position signals to a

~pre-amplifier 20 where it is amplified and provided to a
servo position demodulator 22. The servo position
demodulator 22 decodes the position information and
presents it, in digital form, to a servo control
processor 24. The servo control processor 24 compares
the decoded position signal received from the servo
position demodulator 22 with a desired position signal
to determine a transducer position error. The trans-
ducer position error represents the difference between
the actual position of the transducer 14, indicated by
the decoded position signal, and the desired position
indicated by a desired position signal.

The servo control processor 24 then generates a
position correction signal which is cohverted to an
analog signal in digital-to-analog (D/A) converter 26
and applied to the E-block 12 through a~power amplifier
28. The position correction signal causes the E-block
12 to move the transducers 14, 18 radiélly with respect

to the disks 16, 17 in order to minimise the transducer
position error.

N




“fromthe servo transducer 14. The position signal from 15 the servo
transducer 14 is applied to a filter 32 where it is filtered to renove high
.frequency noise. The filtered signal is then applied to an automatic gain

9

One disk surface of the servo disk 16 is dedicated
to contain servo tracks. This surface is shown in
Figure 2. The servo position information in the servo
tracks is not continuous but is condensed into evenly
spaced sectors. This is known as a sectored servo
system. The servo transducer 14, f£flying over the servo
sectors as the servo disk 16 rotates, produces a
sampling effect in which the actual, decoded position
information provided to the servo control processor 24
is up-dated at the end of each servo sector.

Figure 3A is an enlarged portion of one servo
sector on the servo disk 16. Figure 3B shows .the format
of servo information, represented by black and white
bars, in one servo sector on the servo disk 16. The
black and white bars represent oppositely magnetised
areas on a surface coating of the servo disk 16. The
oppositely magnetised areas are recorded close enough
together so that the position signal’generated by the
servo transducer 14 is generally sinusdidgl.

Figure 3B shows that one servo sector contains
several distinct fields. The fields include a phase
locked oscillator/automatic gain control (PLO/AGC) synch
field, a track identification (track ID) field, three
position error sample (PES) fields and an index field.
Figure 3B also shows the magnetised areas for three
tracks A, B and C on servo disk 16 where the outer
radius and inner radius of the tracks is indicated. The
direction of the servo transducer velocity and the track
centre of each track is indicated by dashed arrows A, B
and C, respectively.

As the servo transducer 14 flies over the tracks
A, B or C on the servo disk 16, it generates a
generally sinusoidal position signal. The sinusoidal
position signal represents the magnetically encoded
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control (AGC) |oop 34 (Figure 6B). The AGC | oop 34 is-conprised of a

vol tage controlled anplifier 36, an analog nmultiplier 38, a

vol t age-to-current converter 40 and a current summing junction 42. An
anal og switch 44 and a capacitor 46 allow the AGC | oop 34 to be configured
I n an acquire node or a hold node (é%blained |l ater). An overall reference
for the automatic gain -

information shown in Figure 3B.

Figure 4A illustrates the position signal
generated by the servo transducer 14 as a function of
five radial transducer positions along a single track
(for example track B) on the servo disk 16 where
position 3 represents the centre of the track.

Positions 1 and 5 represent off centre positions where
the centre of the servo transducer 14 is radially

~aligned with, and flying over the outer radius or inner
radius of track B, respectively. If the servo trans- -
ducer 14 were tracking along position 1, a position
error equal to the radial distance between position 1
and position 3 would exist. Similarly, if trénsducer 14
were tracking along position 5, a position error equal
to the radial distance between position 3 and position 5
would exist. _

Positions 2 and 4 also represent off centre
positions. Howéver, the off centre position error is
not as large as the error associated with positions 1
and 5. Figure 4B shows the spatial relationship between
the servo transducer 14, the magnetised areas of the
servo disk 16, and each of the tranéducer positions 1
to 5.

The information encoded in the PLO/AGC synch field
is identical in phase and frequency from track to track |
along the servo disk 16. Therefore, Figure 4A shows
that, as the servo transducer 14 flies over this
region, its output position signal is a constant
frequency, independent of the particular track over
which it is flying and independent of radial position on
the track. The information in this field is encoded in
this way so that a phase locked oscillator in the servo

position demodulator 22 can synchronise with the output
of the servo transducer 14.

REPLACEMENT SHEET
This Sheet Has Been RTlaced

el TN




controlled anplitude is provided through a filter 48 by a m cro-processor
(not shown). The overall reference determnes the final position gain in

volts per micro- inch. The AGC loop 34 is initially calibrated by the

m cro- processor and conpensates for ghanges in input signal anplitude due
to changes in track radius, flying height and other nedia properti es.

In the track ID field, the track ID number is
.encoded as a Gray code where only one bit changes from
track to track. Each track ID bit is represented by one
dibit cell. The amplitude of a dibit depends on the
radial position of servo transducer 14. If the dibit
amplitude exceeds a given threshold, in this embodiﬁent
one half the maximum possible amplitude, the dibit is
decoded as a logic 1 in the servo position demodulator
22. Otherwise, it is decoded as a logic 0. Therefore,
n bit cells define 2" servo tracks on the disk.

In the PES fields (PES1l, PES2A and PES2B) the
magnetic information encoded on adjacent tracks is
recorded 180° out of phase. This produces a chequer-
board pattern of magnetisation. The magnetic
information in the PES fields is also recorded plus or
minus 90° out of phase with respect to the magnetic
information encoded in the PLO/AGC synch field.

The PESl1 field is also called-a normal field. The
boundary between the magnetisation tracks in the normal
field are arranged so that they lie on the centre line
of the'data tracks. Therefore, when the servo
transducer 14 is over the normal field, as the servo
transducer 14 moves radially further from the centre
position 3 of track B, the amplitude of the position
signal from the servo transducer 14 is larger.
Similarly, as the servo transducer 14 moves radially
closer to the centre position 3, the-amplitude of the
position signal is smaller. .

The PES2 field (also known as a quadrature field)
is split in half. Half of the quadrature field (the
PES2A field) .lies on one side of the normal field and

- half (the PES2B field) lies on an opposite side of the
normal field. The quadrature field is encoded with a
magnetisation pattern which is identical to that of the
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Cnce properly anplified, an automatic gain controlled (AGC d) anal og S|gnal
fromthe AGC loop 34 is transnitted to a voltage conparator 50 which
generates serial digital data corresponding to the AGC d anal og signal .

The conparator 50 provides the serlai digital data to a synch detector
circuit 52 and a serial-to- parallel shlft regi ster 54. The synch detector
circuit 52 identifies the start

normal field but which is radially off-set from it by
half a track width. Therefore, when the servo trans-
ducer 14 is over the quadrature field, the position
signal provided by the servo transducer 14 is at a
maximum amplitude when the servo transducer 14 is flying
over the track centre position 3 and at a minimum
amplitude when it is flying over the off centre
positions 1 and 5. | '

The information read from the normal and
quadrature fields is referred to as a position error
sample. The normal and quadrature fields each produce a
separate position error sample. The amplitude of the
position signal provided by the servo transducer 14
representing the position error samples is a linear
function of the distance of the centre of the servo
transducer 14 from the track centre (position 3). This
is shown theoretically in Figure 5.

The servo transducer 14 is moving relative to the
servo disk 16 in the direction indicated by arrow 30.
The servo transducer 14 may be regarded as being
composed of a set of read elements of differential width
operating in parallel, whose output signals are added
together or integrated to produce the total output
voltage of the position signal from the servo transducer
14. For a first order approximation, it is assumed |
that the position signal from the servo transducer 14 is
sinusoidal. Any fringing field effect is neglected.
Since the magnetic pattern in the servo sector was
originally written 180° out of phase for adjacent
tracks, the signal produced by a differential read
element, dy, will be defined as either plus or minus
Vm Cos (wt). The total output voltage from the servo
transducer 14 depends on how many differential read
elements produce +Vm Cos (wt) and how many produce ;Vm

-
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of a servo sector and enables a programuabl e event generator (PEG 56. The
programmabl e event generator 56 produces timng and w ndow | ogic signals
required for position denodulation in the servo position denodul ator 22.

Next ,

t he conparator 50 decodes tracK3ID dibits as either logic 1 or logic

0 dependlng on their
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Cos (wt).

To expresé this mathematically, let 4 equal the
distance from the centre of the servo transducer 14 to
the nearest data track centre (a boundary between the
+Vm Cos (wt) and -Vm Cos (wt) regions in the PES1
field). The distance d may be positive (towards the
inner radius) or negative (towards the outer radius).
If b equals the width of the servo transducer 14, then
each read element dy contributes a fraction equal to
dy/b towards the total output voltage provided by the
servo transducer 14. The integral for the PES1l field as
shown in Figure 5 is solved as follows:

+ b+d
o 2
v(t) = ("Vm) Cos wt - l (*vm) Cos wt - gz
-b + d .
= 2d Vm Cos wt «- -bs<ds+b _ Eqg. 1
b 1 2 2z
where b = core gap width of transducer 14
Vm = maximum amplitude
d = off track error
w = frequency of position signal.

The results show that the position signal of the
servo transducer 14 V(t) has an amplitude which is a
linear function of the off track error, d. This effect
can be seen visually in Figure 4A where the signal




- anplitude. In this enbodi nent, the conparator 50 has a threshold of one
hal f the nmaxi mum autonatic gain controlled anplitude. The serial digita
track ID bits are shifted into the shift register 54 to produce a parall el
"tracki IDwrd. This track IDwrd is in Gay code and is converted to a
binarb track |D word by 14

| .

amplitude in the PES1 field is proportional to the
distance of the centre of the servo transducer 14 from
the track centre, radial position 3. Also the polarity
of the position signal generated by the servo transducer
14 which corresponds to the PES1 field indicates the
direction of the off track error, d. '

In reality, the amplitude of the position signal
of the servo transducer 14 does not change linearly
across the full track width. It becomes non-linear at
some point near the outside twenty five percent of the
track, depending on the physical dimensions of the
servo transducer 14 and its relationship to the
dimensions of the written magnetised pattern.

However, the presence of the quadrature field
(PES2) allows the servo position demodulator 22 to
overcome this non-linearity. Figure 4A shows the
quadrature relationship between the PES2A and the PES2B
fields and the PES1 field. The amplitude of the
position signal provided by the servo transducer 14 in
the PES2 field is at a maximum, and therefore in a non-
linear region when the amplitude in the PES1 field is at
a minimum (and therefore in a linear region), and vice
versa. Hence,. either the quadrature or the normal
field is always in a linear region and there is always a
linear relationship between the position signal
corresponding to one of the PES fields (PES1 or PES2)
and the distance between the centre of the servo
transducer 14 and the track centre (the off track error)
no matter where the servo transducer 14 is positioned
across the radial width of a track on the servo disk 16.

Figure 6 is a more detailed block diagram of the
servo position demodulator 22 which decodes position
information represented by the analog position signal
from the servo transducer 14. The position'signal from

—
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conbi national logic 58. The binary track ID word is latched in a |atch 60
and provided to track ID correction logic 62 which will be explained in
more detail later. The output of the correction logic 62 is a track
identification signal or absolute position signal which identifies the
particul ar track over which the servo %¥ansducer 14 is fIy|ng The shift
register 54 is also used to provide

the servo transducer 14 is applied to a filter 32 where
it is filtered to remove high frequency noise. The
filtered signal is then applied to an automatic gain
control (AGC) loop 34 (Figure 6B).

The AGC loop 34 is comprised of a voltage
controlled amplifier 36, an analog multiplier 38, a -
voltage-to-current converter 40 and a current summing

. junction 42. An analog switch 44 and a capacitor 46
allow the AGC loop 34 to be configured in an acquire
mode or a hold mode {(explained later).

An overall reference for the automatic gain
controlled amplitude is provided through a filter 48 by
a micro-processor (not shown). The overall reference
determines the final position gain in volts per micro-
inch.

The AGC loop 34 is initially calibrated by the
micro-processor and compensates for changes in input
signal amplitude due to changes in: track radius, flying
height and other media properties. . "

Once properly amplified, an automatic gain
controlled (AGC'd) analog signal from the AGC loop 34 is
transmitted to a voltage comparator 50 which generates
serial digital data corresponding to the AGC'd analog
signal. The'comparator 50 provides the serial digital
data to a synch detector circuit 52 and a serial-to-
parallel shift register 54.

The synch detector circuit 52 ldentlfles the start
of a servo sector and enables a programmable;event
generator (PEG) 56. The programmable event generator 56
produces timing and window logic signals regquired for
position demodulation in the servo position demodulator
22,

. Next, the comparator 50 decodes track ID dibits
as either logic 1 or logic 0 depending on their
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i ndex information to an index pattern detector 64 which is not_inportant to
an understandi ng of the present invention and so will not be discussed
fUrther.” The AGC d anal og signal fromthe AGC loop 34 is also.transnmitted
to a phase | ocked oscillator |oop (PLO hgop) 66 (Figure 6A). The PLO | oop
66 conprises an analog switch 68, a phaSe conparator/nmultiplier 70, a

vol tage-to-current conververter (charge punp) 72, which-

amplitude. 1In this embodiment, the comparator 50 has a
threshold of one half the maximum automatic gain
controlled amplitude. The serial digital track ID bits
are shifted into the shift register 54 to produce a
parallel track ID word. This track ID word is in Gray
code and is converted to a binary track ID word by
combinational logic 58. The binary track ID word is
latched in a latch 60 and provided to track ID
correction logic 62 which will be explained in more
detail later. The output of the correction logic 62 is
a track identification signal or absolute position
signal which identifies the particular track over which
the servo transducer 14 is flying.

The shift register 54 is also used to provide
index information to an index pattern detector 64 which
is not important to an understanding of the present
invention and so will not be discussed further.

The AGC'd analog signal from the AGC loop 34 is
also transmitted to a phase locked oscillator loop (PLO
loop) 66 (Figure 6A). The PLO loop 66 comprises an
analog switch 68, a phase comparator/multiplier 70, a
voltage-to-current conververter (charge pump) 72, which
includes a balance circuit 74 for balancing the voltage-
to-current converter 72 once per servo sector so that
there is zero current output for zero voltage input, an
analog switch 76, a filter 78, a voltage controlled
oscillator 80 and a clock generator 82. The PLO loop
66 locks onto the phase and frequency of the AGC'd
analog signal provided by the AGC loop 34. Then, the
analog switch 76 is opened allowing the PLO loop 66 to
open. The signal provided to the voltage controlled
oscillator 80 is then held constant. Hence, a constant
frequency results at the output of the voltage
controlled oscillator 80. Therefore, the frequency of
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i ncl udes a bal ance circuit 74 for bal ancing the vol tage- to-current
converter 72 once per servo sector so that there is zero current output for
zero voltage input, an analog switch 76, a filter 78, a voltage controlled
oscillator 80 and a cl ock generator 82. The PLO | oop 66 | ocks onto the
phase and frequency of the AGC d anal &F signal provided by the ACGC | oop 34
Then, the analog switch 76 is opened allowing the PLO | oop 66 to
.2 digital feed back signal 120 from the clock generator
82 is also constant.
The output of voltage to the voltage-to-current
converter 72 is also provided to a PES capacitor 84
through an analog switch 86. Voltage is integrated on
the capacitor 84 during synchronous demodulation of PES
fields PES1l, PES2A and PES2B. This voltage is applied
through a buffer 88 to an analog-to-digital (A/D)
converter 90. The output of the A/b converter 90 is
provided to a composite PES generator logic 92. The
composite PES generator logic 92 comprises latches 94,
96, a digital adder 98, multiplexers 100 and 102,
multiplexer control logic 104, a switchable inverter
106 and inverter control logic 108. The output of the
composite PES generator logic 92 is a composite PES word
or fine position off track error which represents the
distance that the servo transducer 14 is tracking from
the track centre. ' tee
The composite PES word, togethef.w;th the
corrected track ID word, form one digital position word
which is typically 19 bits long. The digital position
word defines the radial position of the servo transducer
14 on the servo disk 16 in a continuous fashion down to
approximately one or two micro-inches of gquantisation.
The PES capacitor 84 is also selectively connected
to a DC null loop 110 comprised of the A/D converter 90,
a one-bit latch 112, and integrator 114, a buffer 116,
an analog switch 118 and the buffer 88. The DC null
i loop 110 drives the initial voltage on the PES capacitor
84 to a mid-point between upper and lower reference
voltages applied to an internal resistor ladder in the
A/D converter 90.
Operation of the positioning system is described
with reference to Figures 7 and 8. Figure 7 is a

/
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bpen. The signal provided to the voltage controlled oscillator 80 is then
hel d constant. Hence, a constant frequency results at the output of the
vol tage controlled oscillator 80. Therefore, the frequency of 17

18

timing diagram which shows the relationship between
logic control signals generated by the programmable
event generator 56, the analog position signal and the
PES capacitor voltage as the servo transducer 14 moves
over one servo sector. Figure 8 is a timing diagram
showing the relationship between various signals related
to the synchronous demodulation of the fine position
information in the servo position demodulator 22 as the
servo transducer 14 moves along one servo sector.

As the servo transducer 14 passes over the AGC/PLO
synch field in the servo sector, the programmable event
generator 56 closes the switch 44 to close the AGC loop
34. The AGC loop 34 acquires the proper gain so that
the amplitude of the analog position signal is
compensated for amplitude changes caused by changes in
track radius, transducer flying height, and other
media properties. Also, as the servo transducer 14
flies over the AGC/PLO synch field, the programmable
event generator 56 closes the analog switches 68, 76 to
close the PLO loop 66. When the PLO loop 66 is closed,
the voltage control oscillator 80 locks onto the phase
and frequency of the AGC'A analog signal provided by the
AGC loop 34. The PLO loop 66 uses the digital feed back
signal 120 which locks in at a 90° phase shift from the
AGC'd analog signal provided by the AGC loop 34.

After the servo transducer 14 has passed over the
PLO/AGC synch field, the analog switches 44, 76 are
opened and both the AGC loop 34 and the PLO loop 66
enter a hold mode. While in the hold mode the amplifi-
cation in the AGC loop 34 and the phase and frequency of
‘the feed back signal 120 in the PLO loop 66 remain
constant.

Next, the servo transducer 14 passes over the
track ID field in the servo sector. The serial digital
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a digital feed back signal 120 fromthe clock generator 82 is also
constant. The output of voltage to the voltage-to-current converter 72 is
al so provided to a PES capacitor 84 through an anal og switch 86. Voltage is
integrated on the capacitor 84 during sinchronous denmodul ation of PES
fiel ds PES1, PES2A and PES2B. This volt&%e is applied through a buffer 88
to an analog-to-digital (A D

track ID bits are formed by the comparator 50 and

shifted into the shift register 54. The Gray code track

ID bits are converted into a binary code by the

converter 58 and latched into the latch 60.

Finally, the servo transducer 14 enters the PES
fields in the servo sector. The switch 68 is closed
applying the analog position signal to the phase
comparator/multiplier 70 while the switch 76 remains
open. The feed back signal 120 is multiplied by the
analog position signal in the phase comparator/
multiplier 70. Since the information in the PLO/AGC
synch field is recorded 90" out of phase with the
information in the PES fields, and since the feed back

- signal 120 is held with a 90° phase shift, the multi-
- plication performed at the phase comparator/multiplier
70 produces a full wave rectification of the analog

position signal. This is shown by plot C in Figure 8.

Figure 9A illustrates the output of the phase
comparator/multiplier 70 for the'five radial positions
of the servo transducer 14 which.were deécribed éarlier
with reference to Figure 4A. BAlso, Figure 9B shows the
spatial relationship between the centre of the servo
transducer 14 and the centre of track B in radial
transducer positions 1 to 5. 1In the PES fields, the
amplitude of output signal of the phase comparator/
multiplier 70 is proportional to the distance between
the centre of the servo transducer 14-and the centre of
track B. The polarity of the DC component oi'the signal
indicates the direction of the off-set. Hence, when
the current provided by the voltage-to-current converter
72 is applied to the PES capacitor 84, the current is
integrated, producing a positive or negative voltage
ramp dependihg on the polarity of the current. Several
such voltage ramps are indicated at points 122, 124 and

-
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converter 90. The output of the A/D converter 90 is provided to a conposite
PES generator |ogic 92. The conposite PES generator logic 92 conprises .
l.at ches 94, 96, a digital adder 98, multiplexers 100 and 102, nulti pl exer
control logic 104, a switchable inverter 106 and inverter control |ogic
108. The output of the conposite PES %ﬁyerator logic 92 is a conposite
PES word or fine position off track err whi ch represents the

126 in Figure 8.

Figure 10 illustrates the general case where n
cycles of current are integrated to produce the analog
voltage on the PES capacitor 84 corresponding to one PES
field. The integral is solved as follows:

cycles | 1 cycle +n/2
n J i(t)dt = n J i(e)de
c c w

n
Vpes = 1 J i(t)dt
c

+mn/2 -n/2
= n J 2d Vmgm Cos 6§ 1 d6 = n - 2 « 2Vmgm - d
c 5 w c b w
-n/2 .
N Eq. 2
where

&€

# cycles measured

width of transducer 14
capacitance of PES capacitor 84
maximum AGC'd amplitude

gain through charge pump 72

= frequency of position signal.

Sggﬂtfﬂ

The result shows that the final voltage on the PES
capacitor 84 is directly proportional to the off track
error, d, sincen, ¢, b, Vm, gm and w are all '
constants. The relationship between the final analog
voltage on the PES capacitor 84 corresponding to the
PES1 field and the off track error, 4, is graphically
illustrated in Figure 11. The voltage ramps for five
radial positions in one servo sector are shown as they
relate to off track error, 4.

'\
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di stance that the servo transducer 14 is tracking fromthe track centre.

The conposite PES word, together with the corrected track 1D word, form one

digital position word which is typically 19 bits long. The digital position

word defines the radial position of the servo transducer 14 on the servo

disk 16 in a continuous fashion down to approxi mately one or two

m cro-i nches of quantisation.

The final voltage on the PES capacitor 84 is also
proportional to the number, n, of cycles integrated. 1In
the PES1 field, n cycles are integrated and the A/D
converter 90 converts the analog voltage on the PES
capacitor 84 into a digital signal which is latched in
the latch 94. For the PES2 fields, first n/2 cycles
(for the PES2A field) are integrated and the A/D
converter 90 converts the value to a digital signal
which is latched in the latch 96. Then, after the PES1
field is integrated, another n/2 cycles (for the PES2B
field) are integrated and another A/D conversion is made
by the A/D converter 90. The resulting digital signal
is provided to the adder 98 where the digital signal
representing the PES2A field is added to it to produce a
full PES2 position sample. The number of cycles, n,
chosen should be high enough to achieve the averaging of
possible media defects over several cycles. However,
it must not be so high as to produce an overly long
servo sector since the length of the sérvo_secto; limits
the maximum radial velocity of the servo transducer 14.
The final voltage on the PES capacitor 84 is also

proportional to the capacitance of the_PES capacitor 84.
Note that the same PES capacitor 84 is used to produce
the analog PES voltage for both the PES1 and PES2 _
position samples. After the A/D conversion of the final
ramp voltage of a PES measurement, the digital result
is latched so the analog voltage on the PES capacitor ‘84
can be re-set, and the same PES capacitor 84:can be re-
used for the next PES measurement. This eliminates the
possibility of position error due to capacitance mis-
match which would result if two or more capacitors were
used to produce the aﬁalog PES voltage. Using only one
capacitor to integrate the position signal for both the
quadrature and normal fields increases the accuracy with
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The PES capacitor 84 is also selectively connected to a DC null |oop 110
conprised of the A/D converter 90, a one-bit latch 112, and integrator 114,
a buffer 116, an analog switch 118 and the buffer 88. The DC null loop
110 drives the initial voltage on the PES capacitor 84 to a m d-point

bet ween upper and | ower reference voIta&@s applied to an internal resistor
| adder in the A/D converter 90.

which the servo transducer 14 follows the track.

Accordingly, only a single A/D converter 90 is
required to convert the analog PES voltages to digital
signals. This lowers the overall cost of the servo
position demodulator 22. Also, the A/D conversion made
by the A/D converter 90 is made early in the processing
chain in the servo position demodulator 22. The
addition of the PES2A and PES2B position samples and the
formation of the composite PES signal all take place in
the digital domain. This minimises the amount of analog
circuitry and associated errors such as off-set errors,
gain errors, 1linearity errors and variation with
temperature. Additionally, all of the digital circuits
can be fabricated into one compact integrated circuit to
save space.

Because DC voltage off-sets in the buffer 88 and
the analog switch 118 would create an off-set error in
the final digital composite PES signal, the DC null
loop 110 is provided. Figure 12A shows the DC null loop
110 in greater detail and Figure 12B is a timing diagram
showing the relationship between signals occurring in
the DC null loop 110. As the servo transducer 14 passes
over each servo sector, and before it reaches the PES
fields, the programmable event generator 56 closes
analog switch L3 connecting PES capacitor 84 to the
output voltage of integrator 114.

Next, programmable event generator 56 generates a
signal on an output L7 causing the A/D converter 90 to
perform a first A/D conversion. The A/D converter 90
comprises a resistor ladder connected between reference
voltages VREF+ and VREF-, 15 comparators including a
most significant bit comparator 130, and a logic decode
132 which decodes a most significant bit of the A/D
converter 90. Resistors Rl and R2 which represent the
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tperation of the positioning systemis described with reference to Figures
7 and 8. Figure 7 is a 18 tim ng diagram which shows the rel ationship
bet ween | ogic control signals generated by the progranmabl e

i

23

resistor ladder condensed into two resistors, act as a
voltage divider creating an internal voltage mid-point
vmidref at a node 129.

After the first A/D conversion, the most signifi-
cant bit of the A/D converter 90 is decoded and latched
into the one-bit latch 112. The value of the latched
most significant bit depends on whether signal Vin is
greater or less than the internal voltage Vmidref at the
node 129. During initial calibration of the servo
position demodulator 22, the gain in the AGC loop 34 is
set so that_the A/D converter 90 full digital scale
corresponds to one half of a servo track. The internal
voltage Vmidref corresponds to the track centre or zero
position error. The latched, most significant bit is
applied to the integrator 114. The output of the
integrator 114, an external voltage Vmidref at a node
134, is driven towards the value of the internal
voltage Vmidref. The gain through: the integrator 114 is
chosen so that the external voltage vmidref just crosses
the internal voltage Vmidref before 'the next servo
sector. This is shown in Figure 12B. The peak to peak
limits of the external voltage Vmidref must be kept much
lower than the analog value of a least significant bit
of the A/D converter 90. This keeps the initial voltage
on the PES capacitor 84 as close as possible to the '
exact centre of the digital scale. |

After the first A/D conversion is .completed, the
switch 118 is opened and the A/D converter 90'is avail-
able for conversions 2, 3 and 4 which are conversions .
for the position samples read from the PES2A, PES1l and
PES2B fields. Between position samples, the switch 118
closes to re-set the PES capacitor 84 to the external
voltage Vmidref. Hence, the DC null loop 110
compensates for static or time variable DC off-sets in
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évent generator 56, the analog position signal and the PES capacitor
vol tage as the servo transducer 14 nobves over one servo sector. Figure 8 is
a timng diagram showi ng the relationship between various signals rel ated
to the synchronous denodul ation of the fine position information in the
servo position denodul ator 22 as the serv@4ransducer 14 noves al ong one
servo sector. As the servo transducer 14 passes over the AGC PLO

the buffer 88 and the switch 118, which are inside the

DC null loop 110. This increases the track following

accuracy of the servo transducer 14.

The technique of time multiplexing the A/D
converter S0 between DC null loop operation and PES
conversions eliminates the need for two separate A/D
converters to perform these tasks. This reduces the
cost of the servo position demodulator 22.

As described earlier, after the PES capacitor 84
is re-set to the external voltage Vmidref, the output
of voltage to the voltage-to-current converter 72 is
connected to the PES capacitor 84 through the analog
switch 86 and the PES capacitor voltage ramps up or down
as shown in Figure 8. The difference between the final
voltage on the PES capacitor 84 and the initial voltage
is proportional to the distance of the centre of the
servo transducer 14 from the track centre.

Figure 13A shows the concept of a total position
word. The track ID number and the digital value
representing the PES field samples are combined to
define the radial position of the servo transducer 14
anywhere on the servo disk 16. The track ID number
defines the track and the PES samples define the
position within the track. '

However, a problem can still arise. As the servo
transducer 14 flies over the track on the servo disk 16,
it moves over the track ID field prior to moving over
the PES fields. Hence, the track ID information is
decoded earlier in time than information read from the
PES fields. Since the information read from the PES
fields is read later in time, it is more recent and,
hence, more accurate position information than that
read from the track ID field. When the servo transducer
14 is moving radially, it has a slanted trajectory

| I
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synch field in the servo sector, the programuable event generator 56
closes the switch 44 to close the AGC | oop 34. The AGC | oop 34 acquires
the proper gain so that the anplitude of the anal og position signal is
conpensat ed -for anplitude changes caused gy changes in track radius,
transducer flying height, and other medi &’properties. Al so, as the servo
transducer 14 flies over the AGC PLO synch field, the programmbl e

across the servo sector. Therefore, it may enter the
servo sector in the track ID field of one track but
cross a boundary between tracks and exit the servo
sector from the PES field of the next track. This will
result in an occasional mis~match between the track
boundary defined by the track identification information
and that defined by the PES fields. It then becomes
necessary to correct the track ID number so that it
corresponds to the track from which the servo transducer
14 reads the PES field samples. _
In the present embodiment, correction logic 140

. (shown in Figures 6B and 13D) is used to detect when it
is necessary to correct the track ID so that it
corresponds to the track number from which the PES field
samples were read. Figure 13B is a graph of the
amplitude of the position signal corresponding to the
PES fields, in 2's complement form, as it relates to
the least significant bit in the track ID signal.
Figure 13B also shows a corrected least significant bit
in the track ID signal. .

Trace A represents the 2's complement form of the
amplitude of the position signal corresponding to the
PES1 field. Trace B represents the 2's complement
amplitude corresponding to the PES2 field (the PES2A
field + the PES2B field). The truth table shown in
Figure 13C defines the conditions where the track ID
information is not correlated with the PES field
information and the correction word which is:required.

The correction logic 140, shown in Figure 13D,
forms a correction number of + 1 which is added to the
track ID in an adder 142. For all other cases, the
number 0 is added to the track ID.

Figure 13E shows the correction logic 140 in more
detail. It should be noted that the addition of the
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event generator 56 closes the analog switches 68, 76 to close the PLO | oop

66. When the PLO |l oop 66 is closed, the voltage control oscillator 80 | ocks
onto the<phase and frequency of the AGC d anal og signal provided by the AGC
| oop 34. The PLO | oop 66 uses the digital feed back signal 120 which |ocks

in at a [err] phase shift fromthe AGC d anal og signal provided by the AGC

| oop 34. After the servo transducer 1l43zgas passed over the

correction word to the track ID could also be accompli-
shed by software in the servo control processor 24.

This correlation allows the servo control processor 24
to use bits of the digital composite PES signal along
with a track ID to determine very precisely the position
and velocity of the servo transducer 14 even at high
radial velocities. The increased accuracy of the total
position signal at high radial velocities helps to
minimise both the time and power required for performing
a track seek operation. At low radial velocities,
such as at the end of a track seek operation, fhis
correlation permits a smoother settling of the servo
transducer on a track. .

- Figure 14A is an imaginary tracing of digitised
final voltage values of the analog PES ramps generated
at the PES capacitor 84 for all radial positions'of the
servo transducer 14 across four adjacent tracks in a
servo-on-data system. These imaginary tracings are
called track crossing plots. The digital values are in
2's complement form and the point at which the track
crossing plot for the PES1 field crosses 00 hex
represents the track céntre.

Demodulation of the PES2A field proauces the PES2A
tracking plot shown in graph Gl of Figure 14A.
Similarly, demodulation of the PES1 and PES2B fields
produces the PES1 and PES2B track crossing plots,
respectively. These three track crossing plots represent
all possible ideal digital input combinations to the
composite PES generator 92.

Graph Gl in Figure 14A shows the three track
crossing plots condensed onto a single plane. Since
there are equal number of cycles in the PES2A field and
the PES2B field, their corresponding track crossing
plots coincide. However, since the integration
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"PLO AGC synch field, the anal og switches 44, 76 are opened and both the AGC
| oop 34 and the PLO | oop 66 enter a hold node. While in the hold node the
,amplifi- cation in the AGC | oop 34 and the phase and frequency of the feed
back signal 120 in the PLO | oop 66 remain constant. Next, the servo
transducer 14 passes over the track IDZ%eld in the servo sector. The
serial digital

measurement time period for the PES2A and PES2B fields

is only one half that of the PES1 field, the slope of

the PES2A and PES2B track crossing plots in volts per

micro-inch is only one half that of the PES1 track

crossing plot.

The PES2A position sample is added to the PESZB
position sample to produce the total PES2 or quadrature
sample. One hardware implementation to perform this
addition was discussed with reference to Figure 6. This
addition can also be performed graphically. Graph G2 in
Figure 14A shows that the addition of the PES2A and
PES2B track crossing plots produces a new track crossing
plot which has the same slope as the PES1 track crossing
plot.

The PES1 and PES2 track crossing plots shown in
graph G2 in Figqure 14A are the inputs to the composite

PES generator 92. However, at only one radial position
along the servo disk 16, only one -of the two plots is
in a region where the PES amplitude is:c@anging
linearly with transducer position. There are eight

‘distinct regions labelled a to h which repeat across the
track. By monitoring the amplitude and polarity of the
PES1 and PES2 position samples, the composite PES
generator 92 determines over which of the eight regions
the servo transducer 14 is flying. The composite PES
generator 92 then creates a composite position erroxr
sample output which is the standardised form of position
error sample required by the servo control prbcessor 24.
The composite PES generator 92 accomplishes this by
inverting the slope or changing the sign bit of the PES1
or PES2 track crossing plots when necessary, and
combining the linear portions to create the desired
composite PES track crossing plot shown in graph G3 in
Figure 14A.
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i9 track ID bits are forhed by the conparator 50 and shifted into the shift
regi ster 54. The G ay code track ID bits are converted into a binary code
by the converter 58 and |atched into the latch 60.

28

Figures 15A to 15C show how the addition of the
PES2A and PES2B position samples helps to compensate for
high radial velocity of the servo transducer 14. 2
slanted trajectory of the servo transducer 14 is shown
by arrow 150 in Figure 15A. This slanted trajectory
causes an apparent shift in the PES1 and PES2B track
crossing plots as shown in Figure 15B. The actual value
of the PES2A and PES2B fields is shown by a solid line
and the ideal value is shown by a dashed line. By
adding the PES2A track crossing plot with the shifted
PES2B track crossing plot, a new track crossing plot,
PES2C, is formed as shown in Figure 15C. 'The.PESZC
track crossing plot has the correct orientation with
respect to the PES1 track'crossing plot. By using this
technique, the composite PES output is generated
correctly, independent of the radial velocity of the
servo transducer 1l4. Without this feature, non-
linearities in the composite PES output would occur due
to the slanted trajectory of the servo transducer 14.
This allows more efficient actuator control during track
seek operations. _

This invention is not limited for use in dedicated
servo systems such as the one shown in Figure 1. This
invention may also be used in hydrid servo
configurations. A hybrid system has a dedicated surface
'containing servo sectors and other disks which contain
one or more similar servo sectors per revolution which
are decoded for data transducer thermal off-set
compensation. Since a common servo sector pattern is
used, through the use of time multiplexing only one
servo position demodulator is needed.

The present invention may also be used in servo-
on-data type servo systems where each disk surface has
servo sectors. 1In this type of system, customer data is
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ﬁinally, t he servo transducer 14 enters the PES fields in the servo sector.
The switch 68 is closed applying the anal og position signal to the phase
conparator/nultiplier 70 while the switch 76 remai ns open. The feed back
signal 120 is nultiplied by the anal og position signal in the phase
comparator/ multiplier 70. Since the infamtion in the PLO AGC synch
field is recorded 90 out of phase with the
written between the write protected servo sectors. Any
head actively reading or writing customer data is also
acting as its own track following error sensor. This
increases track following precision and allows higher
track densities to be achieved.
Another servo system configuration in which this
‘invention may be used is one having multiple independent
actuators 200. This is shown in Figure 17. If a
multiple actuator system contains n actuators 200 and
corresponding amplifiers 202, the servo sectors under
servo transducers 204 on adjacent actuators are
staggered by 1/n of the distance between servo sectors
on one disk. The servo sectors for adjacent actuators
must not overlap. This is illustrated in Figure 18. 1In
this type of system, a multiplexer 205 continuously
cycles through the servo sectors of the actuators 200.
The advantage of this configuration is that only one
servo control processor 24, along' with a digital
demultiplexer 206, D/A converters 208; the amplifiers
202 and one servo demodulator 22-are needed to control
several actuators 200 (again through the use of time
multiplexing). _ -
_ The servo sector format described in this
invention may be used with linear or rotary actuators.
A method for creating the composite PES output for
a dedicated servo system is shown in.Figures 16A to 16C.
The servo track width can be twice the data track width.
The servo transducer 14 is then twice as wide as a data
transducer 18. This can help minimise non-linear
effects of fringing fields read by the edges of the
servo transducer 14. It can also improve the signal to
noise ratio of the track ID bits. _In this case, the
composite PES generator 92 merely inverts the slope of
the d, e, £ and g segments. The servo track centres are

—_—
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information in the PES fields, and since the feed back signal 120 is held
with a [err] phase shift, the nulti- plication perfornmed at the phase
gonparator/multiplier 70 produces a full wave rectification of the anal og
position signal. This is showm by plot Cin Figure 8. Figure 9A illustrates
the output of the phase conparator/mult3®lier 70 for the five radial
positions of the servo transducer. 14 which were described earlier

derived alternately from PES1 and PES2 position samples.

For a servo-on-data system, the transducer is
used for both serving and reading and writing customer
data. The servo track and data track are automatically
the same width. The composite PES track crossing plot
is then formed as shown in graph G3 in Figure 14A.

Slope segments a and d are re-positioned to extend the
linearity of the b and c segments. This produces a
linear PES plot across the full track width. Similarly,
the e and h segments extend the linearity of the f and g
segments. The track centre is always derived from the
PES1 position sample. One advantageous feature of this
method is that the composite PES field has one more bit
of quantisation than the A/D converter 90 used in the
servo position demodulator 22.

The present invention uses the correction logic
140 to detect when it is necessary to correct the track
ID so that it corresponds to the track number from which
the PES field samples were read. This correlation
technique can also be accomplished by software in the
servo control processor 24. By correlating the track ID
information with the position error sample information,
mis-matches between the track boundary defined by the
track identification information and that defined by the
PES fields is avoided. _

Further, this correlation technique allows the
servo control processor 24 to use bits of the ditigal
composite PES signal along with the track ID to deter-
mine very precisely the position and velocity of the
transducer 14 even at high radial velocities. The
increased accuracy_df the total position signal at high
radial velocity helps to minimise both the time and
power required for performing track seek operations.

—_—
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with reference to Figure 4A. Al so, Figure 9B shows the spatial relationship
between the centre of the servo transducer 14 and the centre of track B I n
radi al transducer positions 1 to 5. In the PES fields,

out put signal of the phase conparator/ multiplier 70 |saﬁ”m)ort|onal to t he

di stance between the centre of the servosjransducer 14 H’"m”m,”‘m,

track B. The polarity of the DC conponent of the signal

CLAIMS

1. A method of determining the position of a
transducer (14) relative to a disk in a data storage
system (10), characterised by comprising the steps of:
reading track identification information from a disk in
the data storage system (10) to provide a coarse
position signal identifying a track that the transducer
is positioned over; reading position error samples from
a disk in the data storage system (10) to provide a fine
‘position signal representing transducer position error
within a track that the transducer is positioned over;
and 'correlating the coarse position signal and the fine
position signal so the coarse position signal and the
fine position signal correspond to the same track on the
disk. |
2. A method as claimed in claim: - characterised in
that the correlating step comprises determining whether
the transducer (14) has moved betweeﬁ'trecis after
reading the track identification information and before
reading the position error samples and adjusting the
coarse position signal to reflect the;proper'track
identification information when thektransdueer.has
moved. o )
3. A method as claimed in claim Zieharacﬁerised in
that the method determining step comprises determining a
first sign bit eorresponding to a firsi'positipn error
sample, determining a second sign bit eorresponding to
P a second position error sample, determining a least
significant bit of the track identification information
and determining whether the.transducer has moved between
tracks based on the first sign bit, the second sign bit
and the least significant bit of the track identi-
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I ndicates the direction of the off-set. Hence, when the current provided by
the voltage-to-current converter 72 is applied to-the PES capacitor 84, the
current is integrated, producing a positive or negative voltage ranp

SarIn L 8 S g

fication information.
4. A method as claimed in claim 3 characterised in
that the adjusting step comprises determining a
correction number to be added to the coarse position
signal, the correction number having a value based on
the value of the first sign bit, the second sign bit
and the least significant bit of the track identi-
fication information, and combining the coarse position
signal with the correction number to reflect the proper
tracﬁ identification information.
5. Apparatus for determining transducer position

" relative to a disk in a data storage system (10),
characterised by comprising track reading means for

reading track identification information from a disk
(16) in the data storage system (10) to provide a coarse
position signal (ID) identifying a track that the
transducer (4) is positioned over; position error
reading means for reading position error sémples from a
disk (16) in the data storage system to provide a fine

- position signal representing transducer poéition error
within a track that the transducer (14) is positioned
over; and correlating means for correlating the coarse
position signal (ID) and the fine positian signal so the
coarse position signal (10) and the fine position signal
correspond to the same track on the disk.
6. Apparatus as claimed in claim 5 pharacterised in
that the correlating means comprises boundary crossing
means for determining whether the transducer has moved
between tracks after reéding the track identification
information and before reading the position error
samples (PES1l,. PES2) and correction means for correcting
the coarse position signal to reflect the proper track
identification information when the transducer has
moved.
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20 126 in Figure 8. Figure 10 illustrates the general case where n cycles
of current are integrated to produce the analog voltage on the PES

]E:'glp?g:Ntsf)r : gfr]correspondl ng to one PES ;el d. The int ﬂmmmlﬂsl"“,ﬂmﬁﬂlﬂs
* s

-

7. Apparatus as claimed in claim 6 characterised in
that the boundary crossing means comprises first sign

é‘ bit detection means for detecting a first sign bit (PES1l
Sign Bit) corresponding to a first position error
sample (PES1l), second sign bit detection means for
detecting a second sign bit corresponding to a second
position error sample (PES2), least Significant bit

. detection means for detecting a least significant bit of
the grack identification information (TRK, ID, LSB),
and first combination means (146) for combining the
first sign bit, the second sign bit and the least
significant bit of the track identification information
to determine whether the transducer has moved between

. tracks.

é 8. Apparatus as claimed in claim 7 characterised in
that the correction means comprises correction number
determining means (140) for determining a correction
number having a value determined by:the combination of
the first sign bit, the second sién bit and the least
significant bit of the track identification informétion,
and second combination means (142) for combining the
correction number with the coarse position signal (ID)
to reflect the proper track identification information.
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where n = # cycles nmeasured b = width of transducer 14 ¢ =

capaci tance of PES capacitor 84 Vm = maxi mum AGC d anplitude gm = gain
tthrough charge punp 72 w = frequency of position signal. The result shows
that the final voltage on the PES

34

ABSTRACT

" METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER

A method of determining the position of a
transducer (1l4) relative to a disk in a data storage
system (10), comprises the steps of: reading track
identification information from a disk in the data
storage system (10) to provide a coarse position signal'
identifying a track that the transducer is positioned
over; reading position error samples from a disk in the
data storage system (10) to provide a fine position-
signal representing transducer position error within a
track that the transducer is positioned over; and
correlating the coarse position signal and the fine
position signal so the coarse position signal and the

fine p051t10n signal correspond to the same track on the
dlsk

Figure 1
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capacitor 84 is directly proportional to the off track error, d, since n,
c, b, Vm gmand w are all copstants. The relationship betmeen the final
anal og voltage on the PES capacitor 84 corresponding to the PES1 field and
the off track error, d, is graphically illustrated in Figure 11. The

vol tage ranps for five radjal pQsitions in one servo -sector are shown as
they relate to),otf;—\t—r.@k ?_,r-r cy;/,@\ heet Has Been Replaced
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anot her

which is
n/2 cycles (for the PES2B field) are int&grated and anot her A/ D conveérsion

si gnal

si gnal

which is latched in the latch 94. For
after the PES1 field is integrated,

90. The resulting digital

si gnal
first n/2 cycles (for the PES2A field) are integrated and

capacitor 84 into a digital

tthe A/ D converter 90 converts the value to a digital
| atched in the latch 96. Then,

is made by the A/D converter

the PES2 fields,

.
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“is provided to the adder 98 where the digital signal representing the PES2A
field is added to it to produce a full PES2 position sanple. The nunber of
.cycles, n, chosen should be high enough to achi eve the averagi ng of
possi bl e nedi a defects over several cycles. However, it nust not be so high
as to produce an overly long servo sectér since the length of the servo
sector limts the maxi mumradi al velocity of the servo transducer 14.
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The final voltage on the PES capacitor 84 is al so prOpOF;E%QQL_LLLlIEL______
capaci tance of the PES capacitor 84. Note that the sane capacitor 84 is
used to produce the anal og PES voltage for both the PESl aris SRS gpiaged
sanples. After the A/D conversion of the final ranp voltage !E ‘

S

measurenent, the digital result is |atch& so the anal og vol

capacitor 84 can be re-set, and the sane PES capacitor 84 can be re-
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This elimnates the possibility of

tjsed for the next PES neasurenent.

If two or
Usi ng only one

for both the quadrature and

mat ch whi ch woul d result

nore capacitors were used to produce the anal og PES voltage.
fields increases the accuracy with

position error due to capacitance m s-
capacitor to integrate the position signal
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only a

22 which the servo transducer

14 follows the track. Accordingly,
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save space. Because DC-voltage off-sets in the buffer 88 and the anal og
switch 118 woul d create an off-set error in the final digital conposite PES
signal, the DC null loop 110 is provided. Figure 12A shows the DC null |oop
110 in greater detart—and-Eigure 12B is a tining di agram showi ng the

rel ationship bemg@etﬁnal s occurring i® the DC null loop 110. As the
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s

over each servo sector, and before it reaches the PES fields, the
pr ogr ammabl W cl oses anal og switch L3 connecting PES
capaci tor 84 This Shb& 1 ut voltage of integrator 114. Next, progranmmable

L | T a !
event generato 5 ced signal on an output L7 causing the A/D
converter 90 t f m rst A/D conveosion. The A/D converter 90
conprises a resis connect ed between reference
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resi stor | adder condensed into two resistors, act as a vol tage divider
creating an internal voltage md-point Vmdref at a node 129. After the
first A/D conversion, the nost signifi- cant bit of the A/D converter 90 is
decoded and latched into the one-bit latch 112. The value of the |atched
nost significant bit depends on whether ¥2gnal Vin is greater or |ess than
the internal voltage Vmdref at -the

Composite
PES
LS8 -

Position Word

Total
Binary
Track 1D
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AR II‘IIII il

MsB8
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digital scale corres If of a servo track. The ir
vol t age Vmi dr ef corr ,
| at ched, nost signifi cant bit is appl | edl3o the integrator 114.

of the integrator 114, an external vol t)g_eB Vm dref at a node

Quter / /\ \ OO Inner

Radius

node 129. During ini niti aI I ihratdon of the servo positi on
22, the gain in thenﬁk@bﬁ% ﬁ set so that the A/ D convert
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i34, Is driven towards the value of the internal voltage Vmdref. The gain

through.the integrator 114 is chosen so that the external

vol tage Vm dref

just crosses the internal voltage Vm dref before the next servo sector.

vol tage Vn
significan

This is shown in Figure 12B. The peak to peak i 3—gH—t-fre-—-ext-e+nal
UBES; TUStT UE REPT ch | ower t4han t hel EHFAIANG AN i{d | east
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on the PES capacitor 84 as close as possible to the_exact. centre of the

digital scale—After the first A/D conversion is cORRpletERMENT HEEPCh 118
A MEN)IT

i*s opened and_the A/D converter 90 is avail- abl e {OpF-GeRversio .1 3 and
4 which are cb ' eefi Beplacke positi on sanples reag fromthe PEA PESL
and PES2B fi el ' ition sanpl es, the switgh 2280 B9%6s | of re- set

t he PES capaci xt er nal
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voltage Vmdref. Hence, the DC null |oop 110 conpensates for static or tine
variable DC off-sets in 24 the buffer 88 and the switch 118, which are

i'nside the DC null |oop 110. This increases the track follow ng
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accuracy of the servo transducer 14. The techni que Lne nmul tiplexing.the

A/ D converter 90 between DC null |oop operation and PES conversions
€l imnates the need for two separate A/ D converters tf%‘iﬁmﬂmm&m@ﬁeg asks.

This reduces the cost of the servo position denmpdul at I"ﬁﬁ”ﬂ,ﬁml bed
|[¥Enge

earlier, after the PES capacitor 84 is I®-set to the
Vm dref, the output : :
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capaci t.or 84 through the analog switch 86 and &mﬁﬁﬁm@aﬁﬁﬁ

ranps up or down as shown in Figure 8. The i &¥€lim bepagsdiF F?g
vol t age’on the PES capacitor 84 and the initli #8DvaobingEk : pasedr pﬁk?%

the distance of the centre of the servaltrarnsguBesirabé f r pagedheta paged ...

Fi gure 13A shows the_concept of a tqgtal position Gvﬁ?
: VR e @C}T‘.DATE oF recerer M1,

of voltage to the voltage-to-current converte FLACEUﬁﬁ@bF ?% ti%%%f

centre.
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METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER

' This invention relates to methods of and apparatus
for determining the position of transducers.

Disk file data storage systems contain one or more
magnetié disks on which data is stored in concentric
tracks. A transducer writes, or magnetically encodés,
the data on the track. The transducer is also capable
of reading the magnetically encoded data from the
tracks. | .

An electro-mechanical actuator operates within a
negative feed back, closed loop servo system. The
actuator moves the transducer radially for track seek
operations and holds the transducer directly over a
track for track following operations. :

A servo transducer reads position information from
the disk and provides a position éignal'which is decoded
by a position demodulator and presented in digitai'form
to a servo control micro-processcr. The servo control
micro-processor essentially compares actual radial
position of the transducer over the disk with desired
position and commands the actuator to move in order to
minimise position error.

In one type of servo system, one disk surface is
dedicated to contain servo tracks which are encoded with
servo position information. The serxvo positién infor-
mation in the servo tracks is condensed to ‘evenly spaced
sectors. A servo transducer flies over the servo
sectors as the disk rotates and produces a sampling
effect. The actual-position transducer information is
up-dated at the end of each sarvo sector through the use
of track identification.information and position error
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worgd. The track I D nunber and the digital value representing the PES field
sanpl es are conbined to define the radial position of the servo transducer
14 anywhere on the servo disk 16. The track I D nunber defines the track and
t he PES sanpl es define the position within the track. However, a problem
can-still arise. As the servo transdder 14 flies over the track on the
servo disk 16, -

information. The track identification number is pre-

written into each servo sector and serves as coarse

transducer position information. The position error

information is written in the servo sector and

represents the distance that the servo transducer is

located from the centre of the track. This position
error information serves as fine transducer position
information. '

The position error information is generally
written in two fields. One is referred to as a
quadrature field and the second is called a normal
. - field. Position error information obtained from the
(m-' normal field or the quadrature field is called a normal
or quadrature position sample. By decoding the position
samples obtained from these two fields, the off track
position of the transducer is determined relative to the
centre of the track. The position samples are typically
decoded by integrating the anaiog poSition signal
provided by the transducer which represents the position
error information magnetically encoded on the disk. The
integrated signal is then converted to a digital signal
representing transducer position error.
In these servo systems, during certain operations,
the transducer moves radially with respect to the
éf; magnetic disk. Typically,. as the transducer flies over
) a track on the magnetic disk, 4t moves over a field
containing the track identification number before it
moves over the quadrature and nbrmal fields which
contain position- error information. When the transducer
is moving radially from track to track across the
magnetic disk, it has a slanted trajectory over the
servo sector. Therefore, it may enter the servo sector
in the field containing track identification infor-
mation of one track but cross a boundary between tracks
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it noves s over the track ID field prior to noving over the PES fields.
Hence, .the track ID information is decoded earlier in tinme than
information read fromthe PES fields. Since the information read fromthe
PES'fiel'ds is read later in time, it is nore recent and, hence, nore
accurate position information than that read fromthe track ID field. Wen
the servo transducer 14 is noving radially, it has a slanted trajectory

3

and exist the servo sector from the quadrature or normal field of the next track. This
results in a mis-match between the track boundary defined by the track identification
information and that defined by the quadrature and normal fields.

A method and system according to the preamble of claims 1 & 4 respectively is
known from US-A-4 590 526.

According to one aspect of the present invention, there is provided a method of
determining the position of a transducer relative to a disk in a data storage system,
comprising the steps of: reading track identification information from a disk in the data

(\ storage system to provide a coarse position signal identifying a track over which the
transducer is positioned; and reading position error samples from a disk in the data
storage system to provide a fine position signal representing transducer position error
within a track over which the transducer is positioned; characterised in that the track
identification information is read before the position error samples are read, and in that
the fine position signal is anélysed to determine whether the track over which the
transducer is positioned has changed since the transducer read the track identification
information. _

The analysing step may comprise determinihg a first sign bit oorresponding'to a
first position error sample, determining a second sign bit corresponding to a second
position error sample, determining a least significant bit of the track identification
information and determining whether the transducer has moved between tracks based
on the first sign bit, the second sign bit and the least significant bit of the track
identification information. ' |

The analysing step may comprise determining a correction number to be added
to the coarse position signal, the correction humber having a value based on the value of
the first sign bit, the second sign bit and the least significant bit of the track identification
information, and in that the method includes combining the coarse position signal with
the correction number to reflect the proper track identification information.

According to another aspect of the present invention, there is provided apparatus
for determining transducer position relative to the disk, said apparatus comprising track
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25 across the servo sector. Therefore, it may enter the servo sector in the

track 1D field of one track but cross a boundary bet )
the servo sector fromthe PES field of the nexf R ALS

fnd exit

reading means for reading track identification information from a disk in the data storage
system to provide a coarse position signal identifying a track over which the transducer is
positioned; position error reading means for feading position error samples from a disk
in the data storage system to provide a fine position signal représenting transducer
position error within a track over which the transducer is pdsitioned; characterised in that
the track reading means is arranged to read said track identification information before
said position error reading means reads said position error samples; and in that analysing L
means are provided for analysing said fine position signal to. determine_ whether the track
over which the transducer is positioned has changed since the transducer read the track
identification information.

The analysing means may comprise first sign bit detection means for detecting a
first sign bit corresponding to a first position error sample, second sign bit detection
means for detecting a second sign bit corresponding to a second position error sample,
least significant bit detection meéns for detecting a least significant bit of the track
identification information, and first combination means for combining the first sign bit,
the second sign bit and least significant bit of the track identification information to
determine whether the transducer has moved between tracks.

The analysing means may comprise correction number determining means for
determining a correction number having a value determined by the combination of the
first sign bit, the second sign bit and the least significant bit of the track identification
inforrﬁation, and second combination means for combining the correction number which
the coarse position signal to reflect the proper track identification information.

The invention is illustrated, merely by way of example, is the accompanying
drawings, in which:- .

Figure 1 is a block diagram of one embodiment of a demodulating system
according to the present invention;

Figure 2 is a view of a disk surface used in a sectored servo system;



result im an occasional mis-match between the track boundary defined by the
track identification information and that defined by the PES fields. It

t hen beconmes necessary to correct the track I D nunber so that it
cortesponds to the track fromwhich the servo transducer 14 reads the PES
field sanples. In the present enbodi ment, correction |logic 140 (shown in
Figures 6B and 13D) is used to detect when it

5
Figure 3A is an enlarged view of a portion of a servo sector of the disk shown in
Figure 2; |
| Figure 3B is a diagram of the format of 'servo information in one servo sector of
Figure 3A;
Figure 4A shows a transducer output signal amplitude as a function of track

radius for one servo sector;

Figure 4B shows the relationship between the
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IS pecessary to correct the track ID so that it corresponds to the track
nunber .from which the PES field sanples were read. Figure 13B is a graph
of the anplitude of the position signal corresponding to the PES fields,
in-2's conplenment form as it relates to the least significant bit in the
track ID signal. Figure 13B also show§ a corrected | east significant bit in
the track 1D signal

transducer and magnetised areas on the disk;

Figure 5 is a diagram used to describe mathe-
matically the amplitude of the transducer output signal
as a linear function of the distance of the transducer
centre from the track centre; '

Figure 6 is a detailed block diagram of a servo
position demodulator; '

Figure 7 is a timing diagram showing PES capacitor
voltage during one servo sector; '

Figure 8 is a timing diagrém showing the relation-
ship between events in the servo position demodulator of -

q?}. Figure 6; _' | o

Figure 9A is a graph showing the output of a

multiplier of the servo position demodulator of Figure 6
as a function of track radius;

Figure 9B is a diagram showing magnetised bits in
a servo sector and the position of the transducer which
corresponds to the positions in Figure 93;

Figure 10 is a diagram which illustrates the
relationship between the final voltage on the PES
capacitor and the off track error of the transducer;

Figure 11 is a graph of an analog voltage PES1
versus track radius of the transducer in one servo
sector; . . _ _

{;} - Figure 12A is a more detailed block diagram of a
DC null loop;

~

Figure 12B is a timing diagram showing the
relationship between key signals in the DC null loop of
FPigure 12A; ~. _

Figure 13A shows the concept of a total position
word;

Figure 13B is a diagram showing PES voltages and
the least significant bit of the raw track
identification number as a function of transducer
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Trace A xyepresents the 2's conplenent .formof the anplitude of the position
signal .corresponding to the PESL field. Trace B represents the 2's

conpl ement anplitude corresponding to the PES2 field (the PES2A field + the
PES2B fi el d). The truth table sho in Figure 13C defines the conditions
where the track IDinformation is not correlated with the PES field

I nformati on and the correction word which is required.

position;

Figure 13C is a truth table giving the correction
number for each case shown in Figure 133;

Figure 13D is a block d1agram of a track ldentifl-

o cation correction feature;
' Figure 13E shows one implementation of the track
identification correction feature; :

Figure 14A shows track crossing plots for the PES
fields in a servo on-data-system;

Figure 14B shows the relationship between the
transducer position in the servo sector and the track

(w:_ crossing plots; )
. Figure 14C shows the position of the transducer
over one track in the servo sector;

Figure 15A shows transducer trajectory over a
servo sector caused by radial movement of the transducer
as the disk rotates; '

Figure 15B is a plot showing:the effect of radial
velocity of the transducer on the PES track crossing
plots; _ ..

Figure 15C shows the corrected PES track crossing
plots after being compensated for radial velocity of the

| transducer;

-~

Figure 16A shows the track crossing plots for the
PES fields in a dedicated servo system;

Figure 16B shows the relationship between the
transducer position in the servo sector and the track -
crossing plots; '

Figure 16C shows the position of the transducer
over one track in the servo sector;

Figure 17 shows a servo system having multiple
independent actuators; and

Figure 18 shows a top view of a disk in the sexvo
system shown in Figure 17.

REPLACEMENT SHEET

1 1DEC 1992




The: correction-logic 140, shown in Figure 13D, forns a correction nunber

of .1 which is added to the track IDin an adder 142. For all other
cases, the nunber 0 is added to the track ID. Figure 13E shows the
correction logic 140 in nore detail. It should be noted that the addition
of the 8

Figure 1 is a block diagram of a negative feed
back transducer positioning system 8 according to the
present invention. A stack of magnetically encodable
disks is shown generally at 10. An electro-mechanical
actuator (or E-block) 12 is used to position a servo
transducer 14 and a plurality of data transducers 18
radially with respect to a servo disk 16 and data disks
17, respectively. The servo transducer is positioned
over a desired track on the servo disk 16 where it is

" held while the data transducers 18, which are also
connected to the E-block 12, perform read or write
(T? operations. ) ' ]

- The servo transducer 14 reads position information
from servo disk 16 and provides position signals to a
pre-amplifier 20 where it is amplified and provided to a
servo position demodulator 22. The servo position
demodulator 22 decodes the position information and
presents it, in digital form, to a servo control
processor 24. The servo control processor 24 compares
the decoded position signal received from the servo
position demodulator 22 with a desired position signal
to determine a transducer position error. The trans-
ducer position error represents the difference between
the actual position of the transducer 14, indicated by

ﬁii the decoded position signgl, and the desired positién
indicated by a desired position signal.

The servo control processor 24 then generates a
position correction signal which is converted to an
analog signal in digital-to-analog (D/A) converter 26
and applied to the E-block 12 through aspower amplifier
28. The position correction signal causes the E-block
12 to move the transducers 14, 18 radiélly with respect
to the disks 16, 17 in order to minimise the transducer
position error.
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26 _correction word to the track ID could also be acconpli- shed by software
in"the servo control processor 24. This correlation allows the servo
control processor 24 to use bits of the digital conposite PES signal al ong
with a track IDto determine very precisely the position and vel ocity of
‘the servo transducer 14 even at higho

One disk surface of the servo disk 16 is dedicated
to contain servo tracks. This surface is shown in
Figure 2. The servo position information in the servo
tracks is not continuous but is condensed into evenly
spaced sectors. This is known as a sectored servo
system. The servo transducer 14, f£flying over the sexvo
sectors as the servo disk 16 rotates, produces a
sampling effect in which the actual, decoded position
information provided to the servo control processor 24
is up-dated at the end of each servo sector.

Figure 3A is an enlarged portion of one sexrvo
sector on the servo disk 16. Figure 3B shows the format
of servo information, represented by black and white
bars, in one servo sector on the servo disk 16. The
black and white bars represent oppositely magnetised
areas on a surface coating of the servo disk 16. The
oppositely magnetised areas are recorded close enough
‘together so that the position signal”generated by the
servo transducer 14 is generally sinusdidgl.

Figure 3B shows that one servo sector contains
several distinct fields. The fields include a phase
locked oscillator/automatic gain control (PLO/AGC) synch
field, a track identification (track ID) field, three
position error sample (PES) fields and an index field.
Figure 3B also shows the magnetised areas for three
tracks A, B and C on servb disk 16 where the outer
radius and inner radius of the tracks is indicated. The
direction of the servo transducer velocity and the track
centre of each track is indicated by dashed arrows A, B
and C, respectively.

As the servo transducer 14 flies over the tracks
A, B or C on the servo disk 16, it generates a
! generally sinusoidal position signal. The sinusoidal

position signal represents the magnetically encoded
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radi al welocities. The increased accuracy of the total position signal at
hi gh radial velocities helps to mnim'se both the tinme and power required
for performng a track seek operati on. At |ow radial velocities, such as
at -the end of a track seek operation, this correlation permts a snoother
settling of the servo transducer on a track. Figure 14A is an inmaginary -
tracing of digitised 10

information shown in Figure 3B.
Figure 4A illustrates the position signal
~generated by the servo transducer 14 as a function of
five radial transducer positions along a single track
(for example track B) on the servo disk 16 where
position 3 represents the centre of the track.
Positions 1 and 5 represent off centre positions where
the centre of the servo transducer 14 is radially
aligned with, and flying over the outer radius or inner
radius of track B, respectively. If the servo trans-
Sal - ducer 14 were tracking along position 1, &a position
(; error equal to the radial distance between position 1
and position 3 would exist. Similarly, if transducer 14
were tracking along position 5, a position error equal'
to the radial distance between position 3 and position 5
would exist.

Positions 2 and 4 also represent off centre
positions. However, the off centre position error is
not as large as the error associated with positions 1
and 5. Figure 4B shows the spatial relationship between
the servo transducer 14, the magnetised areas of the
servo disk 16, and each of the transducer positions 1
to 5. ' _ _

The information encoded in the PLO/AGC synch field
is identical in phasé.and frequency from track to track
along the servo disk 16. Therefore, Figure 4A shows
that, as the servo transducer 14 flies over this
region, its output position signal is a constant
frequency, independent of the particular track over

v which it is flying and independent of radial position on
the track. The information in this field is encoded in
this way so that a phase locked oscillator in the servo
position demodulator 22 can synchronise with the output
of the servo transducer 14.
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final voltage val ues of the anal og PES ranps generated at the PES capacitor
84 for .,all radial positions of the servo transducer 14 across four adjacent
tracks in a servo-on-data system These inaginary tracings are called track
crossing plots. The digital values;are in 2's conplenment formand the
poi nt at which the track crossing p} t for the PES1 field crosses 00 hex
represents the track centre.

In the track ID field, the track ID number is
encoded as a Gray code where only one bit changes from
track to track. Each track ID bit is represented by one
dibit cell. The amplitude of a dibit depends on the
radial position of servo transducer 14. If the dibip
amplitude exceeds a given threshold, in this embodiment
one half the maximum possible amplitude, the dibit is

. decoded as a logic 1 in the servo position demodulator

22. OtherWLse, it is decoded as a logic 0. Therefore,

n bit cells define 2" servo tracks on. the disk.

In the PES fields (PES1l, PES2A and PES2B) the
— magnetic information encoded on adjacent tracks is

{T recorded 180° out of phase. This produces a chequer-

i board pattern of magnetisation. The magnetic

f} information in the PES fields is also recorded plus or

“ minus 90° out of phase with respect to the magnetic
information encoded in the PLO/AGC synch field.

%' The PES1 field is also called-a normal field. The
boundary between the magnetisatidn tracks in the normal
field are arranged so that they lie on tﬁe cehtré line

X of the-data tracks. Therefore, when the servo

" transducer 14 is over the normal field, as the servo
transducer 14 moves radially further from the centre
position 3 of track B, the amplitude of the position
signal from the servo transducer 14 is larger.
Similarly, as the servo transducer 14 moves radially
closer to the centre position 3, the-amplitude of the
position signal is smaller.

The PES2 fleld (also known as a quadrature field)
is split in half. Half of the quadrature field (the
PES2A field) .lies on one side of the normal field and
half (the PES2B field) lies on an opposite side of the
normal field. The quadrature field is encoded with a
magnetisation pattern which is identical to that of the
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Densdul ati on of the PES2A field produces the PES2A tracking plot shown in
graph GL of Figure 14A. Simlarly, denodul ation of the PES1 and PES2B
fields produces the PES1 and PES2B track crossing plots, respectively.
These three track crossing plots represent all possible ideal digital input
conbi nations to the conposite PES g Rerator 92. G aph Gl in Figure 14A
shows, the three track

' normal field but which is radially off-set from it by
half a track width. Therefore, when the servo trans-
ducer 14 is over the quadrature field, the position
signal provided by the servo transducer 14 is at a
maximum amplitude when the servo transducer 14 is flying

P over the track centre position 3 and at a minimum
amplitude when it is flying over the off centre
‘positions 1 and 5. '

; The information read from the normal and

{ ‘gquadrature fields is referred to as a position error _

sample. The normal and quadrature fields each produce a

separate position error sample. The amplitude of the

position signal provided by the servo transducer 14

representing the position error samples is a linear

~,  function of the distance of the centre of the servo

: transducer 14 from the track centre (position 3). This

is shown theoretically in Figure 5.

The servo transducer 14 is moving relative to the s
servo disk 16 in the direction indicated by arrow 30. '
The servo transducer 14 may be regarded as being

.composed of a set of read elements of differential width

operating in parallel, whose output signals are added

_i' together or integrated to produce the total output

' voltage of the position signal from the servo transducer

14. For a first order'apprcximation, it is assumed

that the position signal from the servo transducer 14 is

sinusoidal. Any fringing field effect is neglected.

Since the magnetic pattern in the servo sector was '

originally written 180° out of phase for adjacent f:f

tracks, the signal produced by a differential read

element, dy, will be defined as either plus or minus ;

_f Vm Cos (wt). The total output voltage from the servo ?{H

transducer 14 depends on how many differential.read _”

, elements produce +Vm Cos (wt) and how many produce ~Vm }Vh

P
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Cos (wt).

To express this mathematically, let d equal the
distance from the centre of the servo transducer 14 to
the nearest data track centre (a boundary between the
+Vm Cos (wt) and -Vm Cos (wt) regions in the PES1
field). The distance d may be positive (towards the
inner radius) or negative (towards the outer radius).
If b equals the width of the servo transducer 14, then
each read element dy contributes a fraction equal to

L . dy/b towards the total output voltage provided by the

servo transducer 14. The integral for the PES1 field as

shown in Figure 5'is_solved as follows:

+ b+ d
0 2
v(t) = ("Vm) Cos wt - (*vm) cos wt .+ dy
' b
-b + 4 .
2

= 24 VmCoswt - -bsds+b _ Eq. 1

5 1 ) Z

where b = core gap width of transducer 14
Vm = maximum ampiitude
d = off track error
w = frequency of position signal.

~

The results show that the position signal of the
servo transducer 14 V(t) has an amplitude which is a
linear function of the off track error, 4. This effect
can be seen visually in Figure 4A where the signal
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measurenpent time period for the PES2A and PES2B fields is only one half
that of the PES1 field, the slope of the PES2A and PES2B track crossing
plots in volts per mcro-inch is only one half that of the PESlL track

crossi ng plot.

The PES2A position sanple is added to the PES2B position

sanple to produce the total PES2 or qugrature sanpl e. One hardware
| npl ementation to performthis

amplitude in the PES1 field is proportional to the
distance of the centre of the servo transducer 14 from
the track centre, radial position 3. Also the polarity
of the position signal generated by the servo transducer
14 which corresponds to the PES1l field indicates the
direction of the off track error, d.

- In reality, the amplitude of the position signal

of the servo transducer 14 does not change linearly
across the full track width. It becomes non-linear at
some point near the outside twenty five percent of the
track, depending on the physical dimensions of the
= servo transducer 14 and its relationship to the
(j dimensions of the written magnetised pattern.

However, the presence of the quadrature field

(PES2) allows the servo position demodulator 22 to
overcome this non-linearity. Figure 4A shows the
quadrature relationship between the PES2A and the PES2B
fields and the PES1 field. The amplitude of the
position signal provided by the servo transducer 14 in
the PES2 field is at a maximum, and therefore in a non-
linear region when the amplitude in the PES1l field is at
a minimum (and therefore in a linear region), and vice
versa. Hence,. either the quadrature or the normal
field is always in a linear region and there is always a

C;E linear relationship between the position signal

corresponding to one of the PES fields (PES1 or PES2)
and the distance between the centre of the servo
transducer 14 and the track centre (the off track error)
no matter where the servo transducer 14 is positioned
across the radial width of a track on the servo disk 16.

Figure 6 is a more detailed block diagram of the

servo position demodulator 22 which decodes position
information represented by the analog position signalk
from the servo transducer 14. The position signal from
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addi-ti on=was di scussed with reference to Figure 6. This addition can al so

be perfermed graphically. Gaph G in Figure 14A shows that the addition of
t he PES2A and PES2B track crossing plots produces a new track crossing pl ot
whi th has the sanme slope as the PESl1 track crossing plot. The PES1 and PES2
track crossing plots shown in graph G in Figure 14A are the inputs to the

conposite 15

the servo transducer 14 is applied to a filter 32 where
it is filtered to remove high frequency noise. The
filtered signal is then applied to an automatic gain
control (AGC) loop 34 (Figure 63).
The AGC loop 34 is comprised of a voltage
controlled amplifier 36, an analog multiplier 38, a
voltage-to-current converter 40 and a current summing
Junction 42. An analog switch 44 and a capacitor 46
allow the AGC loop 34 to be configured in an acquire
mode or a hold mode (explained later).
o e An overall reference for the automatic gain -
(u controlled amplitude is provided through a filter 48 by
a micro-processor (not shown). The overall reference
determines the final position gain in volts per micro-
inch. _

The AGC loop 34 is initially calibrated by the
micro-processor and compensates for changes in input
signal amplitude due to changes in. track radius, flying
height and other media properties.

Once properly amplified, an automatic gaiﬁ
controlled (AGC'd) analog signal from the AGC loop 34 is-
transmitted to a voltage comparator 50 which generates
serial digital data corresponding to the AGC'd analog
signal. The comparator 50 provides the serial digital
data to a synch detecﬁor circuit 52 and a serial-to-
parallel shift register 54. ]

The synch detector circuit 52 identifies the start
of a servo sector and enables a programmable. event
generator (PEG) 56. The programmable event generator 56
produces timing and window logic signals required for
position demodulation in the servo position demodulator
22.

Next, the comparator 50 decodes track ID dibits
as either logic 1 or logic © depending on their
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PES generator 92. However, at only one radial position along the servo disk
16, only one of the two plots is in a region where the PES anplitude is
changing linearly with transducer position. There are eight distinct
regions |labelled a to h which repeat across the track. By nonitoring the
anplitude and polarity of the PES1 and PESéaposition sanples, the
conposite PES generator 92 determ nes over which of the eight regions

amplitude. In this embodiment, the comparator 50 has a
threshold of one half the maximum automatic gain
controlled amplitude. The serial digital track ID bits
are shifted into the shift register 54 to produce a
parallel track ID word. This track ID word is in Gray
code and is converted to a binary track ID word by
combinational logic 58. The binary track ID word is
latched in a latch 60 and provided to track ID
correction logic 62 which will be explained in more
detail later. The output of the correction logic 62 is
a track identification signal or absolute position
signal which identifies the particular track over which
the servo transducer 14 is flying.

The shift register 54 is also used to provide
index information to an index pattern detector 64 which
is not important to an understanding of the present
invention and so will not be discussed further.

The AGC'd analog signal from the AGC loop 34 is
also transmitted to a phase locked oscillator loop (PLO
loop) 66 (Figure 634). The PLO loop 66 comprises an
analog switch 68, a phase comparator/multiplier 70, a
voltage-to-current conververter (charge pump) 72, which
includes a balance circuit 74 for balancing the voltage-
to-current converter 72 once per servo sector so that
= there is zero current output for zero voltage input, an
CVH analog switch 76, 'a filter 78, a voltage controlled

oscillator 80 and a clock generator 82. The PLO loop
66 locks onto the phase and frequency of the AGC'd
analog signal provided by the AGC loop 34. Then, the
analog switch 76 is opened allowing the PLO loop 66 to
open. The signal provided to the voltage controlled
oscillator 80 is then held constant. Hence, a constant
frequency results at the output of the voltage
controlled oscillator 80. Therefore, the frequency of

N
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the-servo transducer 14 is flying. The conposite PES generator 92 then
creates-a conposite position error sanple output which is the standardi sed
formof position error sanple required by the servo control processor 24.
The’ conposite PES generator 92 accgfplishes this by inverting the slope or
changing the sign bit of the PES1 PES2 track crossing plots when
necessary, and conbining the linear portions to create the desired

a digital feed back signal 120 from the clock generator

82 is also constant.

The output of voltage to the voltage-to-current

converter 72 is also provided to a PES capacitor 84

through an analog switch 86. Voltage is integrated on

the capacitor 84 during synchronous demodulation of PES
fields PES1, PES2A and PES2B. This voltage is applied

through a buffer 88 to an analog-to-digital (A/D)

converter 90. The output of the A/D converter 90 is

provided to a composite PES generator logic 92. The

composite PES generator logic 92 comprises latches 94,

96, a digital adder 98, multiplexers 100 and 102,

. multiplexer control logic 104, a switchable inverter
106 and inverter control logic 108. The output of the
composite PES generator logic 92 is a composite PES word
or fine position off track error which represents the
distance that the servo transducer 14 is tracking from
the track centre. | i '

The composite PES word, togethef-w;th the
corrected track ID word, form one digital position word
which is typically 19 bits long. The digital position
word defines the radial position of the servo transducer
14 on the servo disk 16 in a continuous fashion down to
approximately one or two micro-inches of quantisation.

The PES capacitor 84 is also selectively connected
to a DC null loop 110 comprised of the A/D converter 90,
a one-bit latch 112, and integrator 114, a buffer 116,
an analog switch 118 and the buffer 88. The DC null
loop 110 drives the initial voltage on the PES capacitor
84 to a mid-point between upper and lower reference
voltages applied to an internal resistor ladder in the
A/D converter 90. '

x

Operation of the positioning system is described
with reference to Figures 7 and 8. Figure 7 is a
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conposite PES track crossing plot shown in graph REPLA(}E&ENK@SHEET 28
Fi gures- 15A to 15C show how the addition of the ZA and PESZB jposi ti on
sanpl es hel ps to conpensate for 1 1DEC 1998
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timing diagram which shows the relationship between
logic control signals generated by the programmable
event generator 56, the analog position signal and the
PES capacitor voltage as the servo transducer 14 moves
over one servo sector. Figure 8 is a timing diagram

-showing the relationship between various signals related

to the synchronous demodulation of the fine position
information in the servo position demodulator 22 as the
servo transducer 14 moves along one servo sector.

As the servo transducer 14 passes over the AGC/PLO
synch field in the servo sector, the programmable event
generator 56 closes the switch 44 to close thg'AGc loop
34. The AGC loop 34 acquires the proper gain so that
the amplitude of the analog position signal is
compensated for amplitude changes caused by changes in
track radius, transducer flying height, and other
media properties. Also, as the servo transducer 14
flies over the AGC/PLO synch field, the programmable
event generator 56 closes the analog switches 68, 76 to
close the PLO loop 66. When the PLO loop 66 is closed,
the voltage control oscillator 80 locks onto the phase
and frequency of the AGC'd analog signal provided by the
AGC loop 34. The PLO loop 66 uses the-éigital feed back
signal 120 which locks in at a 90° phase shift from the
AGC'd analog signal provided by the AGC loop 34.

After the servo transducer 14 has passed over the
PLO/AGC synch field, the analog switches 44, 76 are
opened and both the AGC loop 34 and the PLO loop 66
enter a hold mode. While in the hold mode the amplifi-
cation in the AGC loop 34 and the phase and frequency of
the feed back signal 120 in the PLO loop 66 remain
constant.

Next, the servo transducer 14 passes over the
track ID field in the servo sector. The serial digital
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hi gh radi-al velocity of the servo transducer 1« ~aftea-ttaj.ect ory of
the servo transducer 14 is shown by arrow 150 L ) HH K slapted
trajectory causes an apparent shift in the PES rossi ng
plots a5 shown in Figure 15B. The actual val ue ES2B
fields is shown by a solid |ine and the ideal a dashed
| ine. By addi ng the PES2A track crossing bet

track ID bits are formed by the comparator 50 and
shifted into the shift register 54. The Gray code track
ID bits are converted into a binary code by the
converter 58 and latched into the latch 60.

Finally, the servo transducer 14 enters the PES
fields in the servo sector. The switch 68 is closed
applying the analog position signal to the phase
comparator/multiplier 70 while the switch 76 remains
open. The feed back signal 120 is multiplied by the

N analog position signal in the phase comparator/

6?% ' multiplier 70. Since the information in the PLO/AGC
- synch field is recorded 90° out of phase with the
information in the PES fields, and since the feed back
signal 120 is held with a 90° phase shift, the multi-
Plication performed at the phase comparator/multiplier
70 produces a full wave rectification of the analog
position signal. This is shown by plot C in Figure 8.

Figure 9A illustrates the output of the phase
comparator/multiplier 70 for the five radial positions
of the servo transducer 14 which, were described earlier
with reference to Figure 4A. Also, Figure 9B shows the
spatial relationship between the centre of the servo
transducer 14 and the centre of track B in radial
transducer positions 1 to 5. 1In the PES fields, the
amplitude of output signal of the phase comparator/
multiplier 70 is proportional to the distance between
the centre of the servo transducer 14 and the centre of
track B. The polarity of the DC component qf the signal
indicates the direction of the off-set. Hence, when
the current provided by the voltage-to-current converter
72 is applied to the PES capacitor 84, the current is
integrated, producing a positive or negative voltage
ramp depending on the polarity of the current. Several
such voltage ramps are indicated at points 122, 124 and




PES2B track crossing plot, a newtrack crossing plot, PES2C is forned as
shown i.n Figure 15C. The PES2C track crossing plot.has the correct
orientation with respect to the PESL track crosypmg Q'"f‘.7_~i; W this

techni que, the conposite PES output is generateq e -Regpndent of
the radial velocity of the servo transducer 14. VMthout thIS fe:tlre non-
linearities in the composite PES out put ggnnd odiclr AJHDET 9B

126 in‘Figure 8. _

Figure 10 illustrates the general case where n
cycles of current are integrated to produce the analog
voltage on the PES capacitor 84 corresponding to one PES
field. The integral is solved as follows:

n cycles 1 cycle +n/2 T
Vpes = 1 [ i(t)dt = n J i(t)dt = n J i(e)ae .
c c c w
e +1/2 L oen/2
= 1 J 2d Vm gm Cos 6 146 = n + 2 - 2Vmgm - 4
c b W ¢ b W
-n/2
Eq. 2
where
n = # cycles measured
b = width of transducer 14

= capacitance of PES capacitor 84
Vm = maximum AGC'd amplitude
gm = gain through charge pump 72
w = frequency of position signal.

The result shows that the final voltage on the PES
capacitor 84 is directly proportional to the off track
error, 4, sincen, ¢, b, Vm, gm and w are all
constants. The relationship between the final analog
voltage on the PES capacitor 84 corresponding to the
PES1 field and the off track error, d, is graphically
illustrated in Figure 11. The voltage ramps for five
radial positions in one servo sector are shown as they
relate to off track error, 4. |



to the skanted trajectory of the servo transducer 14. This allows nmore
efficient actuator control during track seek ope BErr) 51 -»w1tion IS
not limted for use in dedicated servo systens sSyeH opn i n
Figure 1. This invention may al so be used in hyd |] Servo conflgjrations. A
hybrid system has a dedi cated surface contai ni ngjsér vip HBEC WH8 apd] ot her

di sks which contain 21

The final voltage on the PES capacitor 84 is also
proportional to the number, n, of cycles integrated. 1In
the PES1 field, n cycles are integrated and the A/D
converter 90 converts the analog voltage on the PES
capacitor 84 into a digital signal which is latched in
the latch 94. For the PES2 fields, first n/2 cycles
(for the PES2A field) are integrated and the A/D
converter 90 converts the value to a digital signal
which is latched in the latch 96. Then, after the PES1

‘ field is integrated, another n/2 cycles (for the PES2B

(T” field) are integrated and another A/D conversion is made
by the A/D converter 90. The resulting digital signal
is provided to the adder 98 where the digital signal
representing the PES2A field is added to it to produce a
full PES2 position sample. The number of cycles, n,
chosen should be high enough to achieve the averaging of
possible media defects over several cycles. However,
it must not be so high as to produce an overly long
servo sector since the length of the servo sector limits
the maximum radial velocity of the servo transducer 14.

‘The final voltage on the PES capacitor 84 is also

proportional to the capacitance of the_PES capacitor 84.
éf, | Note that the same PES capacitor 84 is used to produce
the analog PES voltage for both the PES1 and PES2
position samples. After the A/D conversion of the final
ramp voltage of a PES measurement, the digital result
is latched so the analog voltage on'the ‘PES capacitor -84
can be re-set, and the same PES capacitor 84: can be re-
used for the next PES measurement. This eliminates the
possibility of position error due to capacitance mis-
match which would result if two or more capacitors were
used to produce the .analog PES voltage. Using only one
capacitor to integrate the position signal for both the
quadrature and normal fields increases the accuracy with



one -or

positi oh denodul ator is needed. The present inventiof Taw‘ﬁl fRgUS
servo- on-data type servo systens where each di sk sufffce has  Gervo

sectors. In this type of system custone&ikua.is

more simlar servo sectors per revol ution whi gz
transducer thermal off-set conpensation. Since a conjiRERiss :
pattern is used, through the use of time nultiplexing pnly one servik

d|

which the servo transducer 14 follows the track.

Accordingly, only a single A/D converter 90 is
required to convert the analog PES voltages to digital
signals. This lowers the overall cost of the servo
position demodulator 22. Also, the A/D conversion made
by the A/D converter 90 is made early in the processing
chain in the servo position demodulator 22. The

"+ dat a

in

addition of the PES2A and PES2B position samples and the

formation of the composite PES signal all take place in
the digital domain. This minimises the amount of analog
circuitry and associated errors such as off-set errors;
gain errors, linearity errors and variation with
temperature. Additionally, all of the digital circuits
can be fabricated into one compact integrated circuit to
save space.

Because DC voltage off-sets in the buffer 88 and
the analog switch 118 would create an off-set error in.
the final digital composite PES siénal, the DC null
loop 110 is provided. Figure 12A shows the DC null loop
110 in greater detail and Figure 12B is a timing diagram
showing the relationship between signals 6ccurring in
the DC null loop 110. As the servo transducer 14 passes
over each servo sector, and before it reaches the PES
fields, the programmable event generator 56 closes
analog switch L3 connecting PES capacitor 84 to the
output voltage of integrator 114.

Next, programmable event generator 56 generates a
signal on an Sutput L7 causing the A/D converter 90 to
perform a first A/D conversion. The A/D converter 90
comprises a resistor ladder connected between reference
voltages VREF+ and VREF-, 15 comparators including a
most significant bit comparator 130, and a logic decode
132 which decodes a most significant bit of the A/D
converter 90. Resistors R1 and R2 which represent the



29 witten between the wite protected servo sectors. Any-head _actively

readi ng-or writing custoner data is also acting as its o P ;
error sensor. This increases track foll ow ng precision apd a.ﬁggﬁﬁﬁﬂgg . ?
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resistor ladder condensed into two resistors, act as a
voltage divider creating an internal voltage mid-point
Vmidref at a node 129. ' .
After the first A/D convérsion, the most signifi-
cant bit of the A/D converter 90 is decoded and latched
into the one-bit latch 112. The value of the latched
most significant bit depends on whether signal vin is
greater or less than the internal voltage Vmidref at the
node 129. During initial calibration of the servo
_ - position demodulator 22, the gain in the AGC loop 34 is
C7j set so that the A/D converter 90 full digital scale
corresponds to one half of a servo track. The internal
voltage Vmidref corresponds to the track centre or zero
position error. The latched, most significant bit is
applied to the integrator 114. The output of the
integrator 114, an external voltage Vmidref at a node
134, is driven towards the value of the internal
voltage Vmidref. The gain through:the integrator 114 is
chosen so that the external voltage Vmidref just crosses
e the internal voltage Vmidref before ‘the next servo
sector. This is shown in Figure 12B. The-peak to peak
limits of the external voltage Vmidref must be kept much
lower than the analog value of a least significant bit
of the A/D converter 90. This keeps the initial voltage
on the PES capacitor\84 as close as possible to the -
exact centre of the digital scale.

After the first A/D conversion is -completed, the
switch 118 is~opened and the A/D converter 90 is avail-
able for conversions'z, 3 and 4 which are c¢onversions
for the position samples read from the PES2A, PES1l and
PES2B fields. Between position samples, the switch 118
closes to re-set the PES capacitor 84 to the external
voltage Vmidref. Hence, the DC null loop 110
compensates for static or time variable DC off-sets in

(AR
LR



track densities to be achieved. Another servo systemconfiguration in which
this i'nvention may be used is one having nultiple independent actuators
200. This is shown in Figure 17. If a nultiple actuator system contains n
actuators 200 and corresponding anplifiers 202, the servo sectors under
servo transducers 204 on adj acent Z& uators are staggered by 1/n of the
di stance between servo sectors

the buffer 88 and the switch 118, which are inside the
DC null loop 110. This increases the track following
accuracy of the servo transducer 14.

The technique of time multiplexing the A/D
converter 90 between DC null loop operation and PES
conversions eliminates the need for two separate A/D
converters to perform these tasks. This reduces the
cost of the servo position demodulator 22.

As described earlier, after the PES capacitor 84
is re-set to the.external voltage Vmidref, the output
of voltage to the voltage-to-current converter 72 is
connected to the PES éapacitor 84 through the analog
switch 86 and the PES capacitor voltage ramps up or down
as shown in Figure 8. The difference between the final
voltage on the PES capacitor 84 and the initial voltage;
is proportional to the distance of the centre of the
servo transducer 14 from the track centre.

Figure 13A shows the concept of a total position
word. The track ID number and the digital value
representing the PES. field samples are combined to
define the radial position of the servo transducer 14
anywhere on the servo disk 16. The track ID number
defines the track and the PES samples define the
position within the track.

However, a problem can still arise. As the servo
transducer 14 flies over the track on the servo disk 16,
it moves over the track ID field prior to moving over
the PES fields. Hence, the track ID information is
decoded earlier in time than information read from the
'PES fields. sSince the information read from the PES
fields is read later in time, it is more recent and,
hence, more accurate position information than that
read from the track ID field. When the servo transducer
14 is moving radially, it has a slanted trajectory
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on one di*sk. The servo sectors for adjacent actuators nust not overl ap.
This is-illustrated in Figure 18. In this type of system a nultiplexer 205
continuously cycles through the servo sectors of the actuators 200. The
advantage of this configuration is that only one servo control processor

24, along with a digital denultigBexer 206, D/ A converters 208, the
anplifiers 202 and one servo denodul ator 22 are needed to control

across the servo sector. Therefore, it may enter the
servo sector in the track ID field of one track but
cross a boundary between tracks and exit the servo
sector from the PES field of the next track. This will
result in an occasional mis-match between the track
boundary defined by the track identification information
and that defined by the PES fields. It then becomes
necessary to correct the track ID number so that it
corresponds to the track from which the servo transducer
14 reads the PES field samples.

In the present embodiment, correction logic 140
gff(shown in Figures 6B and 13D) is used to detect when it
Q is nécessary to correct the track ID so that it

corresponds to the track number from which the PES field
samples were read. Figure 13B is a graph of the
amplitude of the position signal corresponding to the
PES fields, in 2's complement form, as it relates to
~the least significant bit in the tratck ID signal.
Figure 13B also shows a corrected least significant bit
in the track ID signal. .o
Trace A represents the 2's complement form of the
amplitude of the position signal corresponding to the
PES1 field. Trace B represents the 2's complement
amplitude corresponding to the PES2 field (the PES2A
‘ field + the PES2B field). The truth table shown in
Figure 13C defines the conditions where the track ID
information is not correlated with the PES field
information and the correction word which is:required.
The correction-logic 140, shown in Figure 13D,
forms a correction number of + 1 which is added to the
track ID in an adder 142. For all other cases, the
number 0 is added to the track ID.
Figure 13E shows the correction logic 140 in more
detail. It should be noted that the addition of the
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servo sector format described in this invention may b
rotary actuators. A nethod for creating the conposite
dedi catted servo systemis shown in Figures 16A to 16GC
wi dth can be twice the data track width. The servo trh
twce as wde as a data

actuators 200 (again through the use of tine thiin &
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- a track seek operation.

26

;

correction word to the track ID could also be accompli-
shed by software in the servo control processor 24.

This correlation allows the servo control processor 24
to use bits of the digital composite PES signal along
with a track ID to determine very precisely the position
and velocity of the servo transducer 14 even at hrgh

radial velocities. The increased accuracy of the total

. position signal at high radial velocities helps to

minimise both the time and power requlred for performlng__

At low radial velocities,
such as at the end of a track seek operation, this
correlation permits a smoother settling of the servo
transducer on a track. | |

Figure 14A is an imaginary tracing of digitised
final voltage values of the analog PES ramps generated
at the PES capacitor 84 for all radial positions of the
servo transducer 14 across four adjacent tracks in a
servo-on-data system. These imaginary tracings are
called track crocsing plots. The digital values are in
2's complement form and the point at which the track
crossing plot for the PES1l field crosses 00 hex
represents the track centre.

Demodulation of the PES2A field produces the PES2A
tracking plot shown in graph G1 of Figure 14A.
Similarly, demodulation of the PES1l and PES2B fields
produces the PES1 and PES2B track crossing plots,
respectively. These three track crossing plots represent
all possible ideal digital input combinations to the
composite PES generator 92.

Graph Gl in Figure 14A shows the three track
crossing plots condensed onto a single plane. Since
there are equal number of cycles.in the PES2A field and
the PES2B field, their corresponding track crossing

plots coincide. since the integration

However,



transducer 18. This can help mnimse non-linear effects of fringing fields
read by the edges of the servo transducer 14. It can al so i nprove the
signal to noise ratio of the track ID bits. In this case, the conposite PES
generator 92 nerely inverts the slope of the d, e, f and g segnents. The
servo track centres are

27

measurement time period for the PES2A and PES2B fields
is only one half that of the PES1 field, the slope of
the PES2A and PES2B track crossing plots in volts per
micro-inch is only one half that of the PES1 track
crossing plot;

The PES2A position sample is added to the PES2B
position sample to produce the total PES2 or quadrature
sample. One hardware implementation to perform this
addition was discussed with reference to Figure 6. This

_ addition can also be performed graphically. Graph G2 in
(.’;-; - Figure 14A shows that the addition of the PES2A and o
o PES2B track crossing plots produces a new track crossing
plot which has the same slope as the PES1 track crossing
plot.

The PES1 and PES2 track crossing plots shown in
graph G2 in Figure 14A are the inputs to the composite
PES generator 92. However, at only one radial position
along the servo disk 16, only one:-of the two plots is
in a region where the PES amplitude ischanging _
linearly with transducer position. There are eight
distinct regions labelled a to h which repeat across the
track. By monitoring the amplitude and polarity of the
) PES1 and PES2 position samples, the composite PES
X generator 92 determines over which of the eight regions

the servo transducer 14 is flying. The composite PES
generator 92 then creates a composite position error
sample output which is the standardised -form of position
error sample required by the servo control prbcessor 24.
The composite PES generator 92 accomplishes .this by
inverting the slope or changing the sign bit of the PES1
or PES2 track crossing plots when necessary, and
combining the linear portions to create the desired
composite PES track crossing plot shown in graph G3 in

Figure 14A. _ P
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shown in graph GB i n Figure 14A
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Figures 15A to 15C show how the addition of the
PES2A and PES2B position samples'helps to compensate for
high radial velocity of the servo transducer 14. A
slanted trajectory of the servo transducer 14 is shown
by arrow 150 in Figure 15A. This slanted trajectory
causes an apparent shift in the PES1 and PES2B track
crossing plots as shown in Figure 15B. The actual value
of the PES2A and PES2B fields is shown by a solid line
and the ideal wvalue is shown by a dashed line. By
adding the PES2A track crossing plot with the shifted
PES2B track crossing plot, a new track crossing plot,
PES2C, is formed as shown in Figure 15C. The PES2C
track crossing plot has the correct orientation with
respect to the PES1l track crossing plot. By using this
technique, the composite PES output is generated
correctly, independent of the radial velocity of the
servo transducer 14. Without this feature, non-
linearities in the composite PES output would occur due
to the slanted trajectory of the servo transducer 14.
This allows more efficient actuator control during track
seek operations. .

This invention is not limited for use in dedicated
servo systems such as the one shown in Figure %. This
invention may also be used in hydrid servo
configurations. A hybfid system has a dedicated surface
containing servo sectors and other disks which contain
one or more similar servo sectors per revolution which
are decoded for-data transducer thermal off-set
compensation. Since a common servo sector pattern is
used, through the use of time multiplexing only one
servo position demodulator is needed.

The present invention may also be used in servo-
on-data type servo systems where each disk surface has
servo sectors. In this type of system, customer data is



and ¢ segnents. This produces a |linear PES pl ot acr@&ﬂﬁjNGE
width. Simlarly, the e and h segnents extend the I§n

The track centre is always derived from¢gh
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segnents. R n
One advant ageous feature of this method isjt at’Ef#(g conposj t
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field has one nore bit of quantisation tQﬁP t he A/ Djcbrverter—90~TSe
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written between the write protected servo sectors. Any
head actively reading or writing customer data is also
acting as its own track following error sensor. This
increases track following precision and allows higher
track densities to be achieved. _
Another servo system configuration in which this
invention may be used is one having multiple independent

- actuators 200. This is shown in Figure 17. If a

multiple actuator system contains n actuators 200 and
corresponding amplifiers 202, the servo sectors under
servo transducers 204 on adjacent actuators are
staggered by 1/n of the distance between servo sectors
on one disk. The servo sectors for adjacent actuators
must not overlap. This is illustrated in Figure 18. In
this type of system, a multiplexer 205 continuously
cycles through the servo sectors of the actuators 200.
The advantage of this configuration is that only one
servo control processor 24, élongﬁWith a digital
demultiplexer 206, D/A converters 208; the amplifiers
202 and one servo demodulator 22-are needed to control
several actuators 200 (again through the use of time
multiplexing). : -

The servo sector format described in this
invention may be used with linear or rotary actuators.

lhe b

the |f fand g

PES
in

A method for creating the composite PES output for

a dedicated servo system is shown in.Figures 16A to 16C.
The servo track width can be twice the data track width.
The servo transducer 14 is then twice as wide as a data
transducer 18. This can help minimise non-linear
effects of fringing fields read by the edges of the
servo transducer 14. It can also improve the signal to
noise ratio of the track ID bits. 1In this case, the
composite PES generator 92 merely inverts the slope of
the 4, e, f and g segments. The servo track centres are



ser.vo position denodulator 22. The present
|l ogic 140 to detect when it

I nvention uses the correction
IS necessary to correct the track I D so that

It

corresponds to the track number from which the PES field sanples were read.

This correlation technique can al so be acconplished by software in the
servo control processor 24. By correlajgng the track ID informatioen wth

the position error sanple information,

o

.- the e and h segments extend the linearity of the f and g

derived alternately from PES1 and PES2 position samples.

For a servo-on-data system, the transducer is
used for both serving and reading and writing customer
data. The servo track and data track are automatically
the same width. The composite PES track crossing plot
is then formed as shown in graph G3 in Figure 14A.

Slope segments a and d are re-positioned to extend the
linearity of the b and ¢ segments. This produces a
linear PES plot across the full track width. Similarly,
=
segments. The track centre is always derived from the
PES1 position sample. One advantageous feature of this
method is that the composite PES field has one more bit
of quantisation than the A/D converter 90 used in the
servo position demodulator 22. _

The present invention uses the correction logic
140 to detect when it is necessary to correct the track
ID so that it corresponds to the track number from which
the PES field samples were read. This correlation
technique can also be accomplished by software in the
servo control processor 24. By correlating the track ID
information with the position error sample information,
mis-matches between the track boundary defined by the
track identification information and that defined by the
PES fields is avoided. _

Further, this correlation technique allows the
servo control processor 24 to use bits of the ditigal
composite PES signal along with the track ID to deter-
mine very precisely the position and velocity of the
transducer 14 even at high radial velocities. The

increased accuracy of the total position signal at high

radial velocity helps to minimise both the time and
power required for performing track seek operations.
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m s-mat ches between the track boundary defined by the track identification
i nfformation and that defined by the PES fields is avoided. Further, this
correlation technique allows the servo control processor 24 to use bits of
the ditigal conposite PES signal along with the track ID to deter- mne

very precisely_ fhe positiena-and velocity of the tran ucer 14 even at high
radi al velo m%m@ﬁ wpﬁ'[

oo || g

CLAIMS

1. A method of determining the position of a transducer (14) relative to a disk in a
data storage system (10), comprising the steps of: reading track identification
information from a disk in the data storage system (10) to provide a coarse position
signal identifying a track over which the transducer is positioned; and reading posit_‘ipn '
error samples from a disk in the data storage system (10) to proviﬂe a ﬁhe position signal
representing transducer position error within a track over which the transducer is
positioned; characterised in that the track identification information is read before the
position error samples are read; and in that the fine position signal is analysed to
determine whether the track over which the transducer is positioned has changed since

the transducer read the track identification information.

2, A method as claimed in claim 1 characterised in that the analysing step comprises
determining a first sign bit corresponding to a first position error sample, determining a
second sign bit corresponding to a second position error sample, determining a least
Q significant bit of the track identificgtion information and determining whether the
transducer has moved between tracks based on the first sign bit, the second sign bi_t and
the least significant bit of the track identification information.
3. A method as claimed in claim 2 characterised in that the analysing step comprises
_determining a correction number to be added to the coarse position signal, the correction
number having a value based on the value of the first sign bit, the second sign bit and the
least significant bit of the track identification information, and in that the method
includes combining the coarse position signal with the correction number to reflect the

proper track identification information.



I ncreased accuracy of the total position signal at high radial velocity
hel ps to mnimse both the tinme and power required for performng track
seek operations. CLAI M5 1. A nmet hod of determ ning the position of a

transducer (14) relative to a disk in a .
.

32
4, A data storage system (10) comprising at least one disk (16) and apparatus for
determining transducer position relative to thg disk, said apparatus comprising track reading
means for reading track identification information from a disk (16) in the data storage system (10)
to provide a coarse position signal (ID) identifying a track over which the transducer (4) is
positioned; position error reading means for reading position error samples from a disk (1 6) in the
data storage system to provide a fine position signal representing transducer position error within
a frack over which the transducer _(14) is positioned; characterised in that the track reading means
( is arranged to read said track identification information before said position error reading means |
reads said position error samples; and in that analysing means (140) are provided for analysing
said fine position signal to determine whether the track over which the transducer is positioned
has changed since the transducer read the track identification information.
5. A system as claimed in claim 4 characterised in that the analysing means (140)
comprises first sign bit detection means for detecting a first sign bit (PES1 Sign Bit)
corresponding to a first position error sample (PES1 ),. second sign bit detection means for
detecting a second sign bit corresponding to a second position error sample (PES2), least
significant bit detection means for detecting a least significant bit of the tract identification

information (TRK, ID,LSB), and first combination means (146) for combining the first sign bit, the

™

second sign bit and the Ieast signiﬁcan? bit of the tract identification information to deterhine
whether the transducer has moved between tracks.

6. A system as claimed in claim 5 characterised in that the analysing means comprises
correction number determining means (140) for determining a correction number having a value
determined by the combination of the ﬁl;st sign bit, the second sign bit and the least significant bit
of the tract identification information, and second combination means (142) for combining the
correction number with the coarse position signal (ID) to reflect the proper track identification

information.
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data storage system (10), conprising the steps of: reading track

i dentifdication information froma disk in the data storage system (10) to
provi de a coarse position signal identifying a track over which the
transducer is positioned; and reading position error sanples froma disk in
the data storage system (10) to provide a fine position signal representing
transducer position error within a track over which the transducer is

posi tioned; characterised in that the track identification information is’
read before the position error sanples age read; and in that the fine

position signal is analysed to det rgine mhe%?gg the track over which the
transducer is positioned has chagggd_sﬂhﬁkll____

" METHOD OF AND APPARATUS FOR DETERMINING THE
POSITION OF A TRANSDUCER

A method of determining the position of a S
transducer (14) relative to a disk in a data storage
system (10), comprises the steps of:_reading.trackaazi_ 

10 identification information from a disk in the data " i .
storage system (10) to provide a coarse position Signélq
identifying a track that the transducer is pos;gioned?_lg
over; reading position error samples from a disk in the -
data storage system (10) to provide a fine position . -

15 signal representing transducer_positibn erroxr within a
track that the transducer is positioned over; and '
correlating the.coarse position signal and the ‘fine
position signal so the coarse position signal and the
fine position signal correspond to the same track on the

20  disk. - '

£

[Figure 1]
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the transducer read the track identification |nfornat|on 2. A nmet hod as
cllaimed in claim 1l characterised in that the anal ysj —n
deterfining a first sign bit corresponding to a fi rigf
sanpl e, determining a second sign bit correspondi ng te
error sanple, determning a |least significant bit o
identification information and determ ni ng whet her
between tracks based on the first sign bit, the sec
| east significant bit of the track identification
method as clainmed in claim2 characterised in that
conpri ses
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determ nirng a correction nunber to be added to the coarse position signal,
the correction nunber having a value based on the value of the first sign

bit, the second sign bit and the least significant bit of the track
i dentification information, and in that the nethod includes conbining the
coarse position signal with the correction nunber to reflect the proper

track identification information.
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32 4, * A data storage system (10) conprising at |east one disk (16) and
apparatus for determ ning transducer position relative to the disk, said
apparatus conprising track reading nmeans for reading track identification
i nfformation froma disk (16) in the data storage system (10) to provide a
coarse position signal (ID) identifying a track over which the transducer
(4) is positioned; position error reading nmeans for reading position error
sanples froma disk (16) in the data storage systemto provide a fine
position signal representing transducer position error within a track over
whi ch the transducer (14) is positioned; characterised in that the track

readi ng neans
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is arranged to read said track Identification information before said
position error reading neans reads said position error sanples; and in that
anal ysi ng neans (140) are provided for analysing said fine position signal
to ‘determ ne whether the track over which the transducer is positioned has
changed since the transducer read the track identification information. 5.
A systemas clainmed in claim4 characterised in that the anal ysing neans
(140) conprises first sign bit detection nmeans for detecting a first sign
bit (PES1 Sign Bit) corresponding to a first position error sanple (PES1),
second sign bit detection neans for detecting a second sign bit
corresponding to a second position error sanple (PES2), |east
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significant bit detection neans for detecting a |least significant bit of
the tract identification information (TRK, 1D, LSB), and first conbination
means (146) for conbining the first sign bit, the second sign bit and the

| east significant bit of the tract identification information to determ ne
whet her the transducer has noved between tracks. 6. A system as cl ai ned
in claim5 characterised in that the anal ysing neans conprises correction
nunber determ ning nmeans (140) for determ ning a correction nunber having a
val ue determ ned by the conbination of the first sign bit, the second sign
bit and the least significant bit of the tract identification information,

and second conbi nati on neans (142) for conbining the
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(ID) to reflect the

correction nunber with the coarse position signal

proper ‘track identification information.
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