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- A METHOD OF AND APPARATUS FOR DETECTING
POSITION ERROR OF A TRANSDUCER

This invention relates to methods of and apparatus
for detecting position errors of transducefs; _

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 readlng the magnetically encoded data from the
tracks. '

An electro-mechanical actuator operates within a
neéative 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'signal which is decodee
by a position demodulator and presented in digital form
to a servo control micro-processor. The servo control
micro-processor essentially-compafes actual radial
position of the transducer over the disk with desired
position and commands the actuator to move in order to
minimise pégiélon error.

In one type of servo system, one disk surface is

: dedlcated to contain servo tracks which are encoded with

-

servo p051t10n 1nformatlon. The servo position infor-
matlon ln“the .Servo tracks is condensed to evenly spaced
sectors. A- servo transducer flies over the servo
sectors as the‘éisk rotates and produces a sampling
effect. The actual position transducerﬂinformation is
up-dated at the end of each servo sectér through the use

-
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10° readi-ng the magnetical |y encoded data fromthe tracks. An

el ect r gnmechani cal.. actuat or operates within a negative feed back, closed
[‘6op s vo systen1 :The actuator noves the transducer radially for track
seek 1 opergtions and holds the transducer directly over a track for
track | | owi ng oper.ations. A servo transducer reads position information
fromt di sk and pr\VLdes a position signal which is decoded

O 2
of track identification information and position error
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 flelds{ the off track
position of the transducer is deterﬁlned,relatlve to the
centre of the track. The positlon samples are typlcally
decoded by integrating the analog p051t10n SLgnal
prov1ded by the transducer which represents the p051tlon
error information magnetically encoded on the disk. The
integrated signal is then converted to ar dlgltal signal
representing transducer position"- error."
_ In the past, the normal field and quadrature
field, as encoded on the magnetic dlsk were located
adjacent one another. As the transducer flew over the

normal field and then the quadrature £field, the
position samples from the normal and quadrature fields
‘were decoded; However, radial movement of the trans-
ducer over the magnetic disk resulted in a slanted
trajectory of the transducer with respect to the
quadrature and normal fields on the magnetic disk. The
slanted trajectory causes. non-linearities in the form of

an apparent phase shift in the position samples decoded
—_—
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) - ~by a position denpdul ator and presented in digital form 20
to a rvo control mcro-processor. The servo control mcro-processor
essentgally conpares actual radial position of the transducer over the disk
with dgesired position and commands the actuator to nove in order to
rfi ni Mpe position error. 25 In one type of servo system one
di sk rface is-.-dedicated to contain servo tracks which are encoded with
servo position.information. The servo position infor-

3

from the quadrature and normal fields. This phase shift
resulted in non-linearities in the integrated position
signal. The non-linearities also caused inefficient
actuator control.

Accoxrding to one éspect of the presenf invention,
there is provided a method of detecting position error
of a transducer in a data storage system, characterised
by comprising: reading position information from a
first qguadrature field on a disk in the data storage
system; reading position information from a normal
field on the disk to produce a normal position word,

/ the first quadrature field being located on a first side
of the normal field; reading position information from
a second quadrature field, the second quadrature field
being located on a second side of the normal field, the
second side being opposite the first side; and
combining the position information from the first
quadrature field with the position information from the
second quadrature field to produce a total quadrature
word, the total quadrature word and the normal position

word representing the position error. /

The method may also comprise combining the normal
position word with the total quadrature word to produce
a composite p051t10n error sample representlng position
error.

The method may further comprise reading position
information from a track identification field on the
disk to produce a track identification word.

Preferably, the method includes combining the
track ID word with the composite position error sample
to produce a total position word representing total
transducer position.

The combining step-may comprise adding the
position information from the first quadrature field to
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in“the servo tracks is condensed to evenly spaced sectors. A servo

t.oransdq@cer flies over the servo 30 sectors as the disk rotates and
produdes a sanpling effect. The actual position transducer information is
up- datged at the end of each servo sector through the use 2

the position information from the second quadrature
field. '

According to another aspect of the present
invention, there is provided a sector on a disk
containing position information used to determine
position error of a t;ansducer over the disk in a data
storage system, characterised by comprising a normal
field with a first side and a second side, the first
side being oriented opposite the second side on the
disk; a first quadrature field located on the first side
of the normal field; and a second quadrature field

¢ located on the second side of the normal field.

According to a further aspect of the present
invention, there is provided an apparatus for detecting
position error of a transducer in a data storage system,
characterised by comprising: first’'reading means for
reading position information from a girst.quadrature
field on a disk in the data stordge system; second
reading means for reading position information from a
normal field on the disk to produce a normal position
word, the first quadrature field being located on a /

first side of the normal field; third reading means for
reading position information from a second quadrature
field, the second quadrature field being_located on a
second side of the normal field, the second side being
opposite the first side; and first combining means for
combining the position information from thé first
quadrature field with the position information f£rom the
second quadrature field to produce a total quadrature
t word, the total quadrature word and the normal position
word representing the position error.

The apparatus may includé second combining means
for combining the normal.position word with the total
quadrature word to produce a composite position error

y

Thls Sheet Has Been Rep

(0 lIII | |




;»jeentlflcatlon i nformation and position error information.
@dentificati on nunber is pre- witten into each servo sector a
#Fas coarse transducer position information. The position error
htion is witten in the servo sector and represents the distance that
g Vvo transducer is located fromthe centre of the track. Thi s
gn error i nformation serves as fine transducer position information.

5

sample representing position error.

Additionally or alternatively the apparatus may
jnclude fourth reading means for reading position
jnformation from a track identification field on the
disk to produce a track identification word.

The apparatus may further include second combining
means for combining the track ID word with the composite
position error sample to produce a total position word-
representing total transducer position.

The first combining means preferably includes
addiné means for adding the position information from
the first quadrature field to the position information
from the second quadrature field.

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 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

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;
\
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AR *The position error information is generally witten in two
-Cne Is referred to as a quadrature field and the second is called a
gfield. Position error information obtained fromthe normal field or
hdrature field is called a normal 15 or quadrature position

. By decoding the position sanples obtained fromthese two fields,

B track position of the transducer is determ ned relative to the
gof the track. The position saan%s are..typically

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 6;

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 11l is a graph of an analog voltage PES1l
versus track radius of the transducér in one servo
sector; . .

Figure 12A is a more detalled block dlagram of a

DC null loop;

Figure 12B is a timing diagram showing the
relationship between key signals in the DC null loop of/
Figure 1l24; .

Figure 13A shows the concept of é 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
position;

Figure '13C is a truth table giving the correction
number for each case shown in Figure 1l3A;

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

Figure 13E shows one implementation of the track

identification correction feature;
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;by I nt égrating the anal og position signal 20 provi ded by the
iticer which represents the position ) error information

ically encoded on the disk. The. integrated signal is then converted
fdi gi tal signal representing transducer position error. In the past,
formal field and quadrature 25 field, as encoded on the magnetic
were | ocated adj acent one another. As the transducer flew over the

W field and then the quadrature t;eld, t he

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
welocity 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 1.8 shows a top view of a disk in the servo
system shown in Figure 17. |

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
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#anpl es fromthe normal and quadrature fields were decoded.

adi al novenent of the trans- 30 ducer over the magnetic disk
e in a’'slanted trajectory of the transducer with respect to the
‘ature and normal fields on the magnetic disk. The slanted trajectory
ES non-linearities in the formof an apparent phase shift in the
¥ ion sanpl es decoded

17, respectively. The servo transducer is positioned
over 2 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
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

AT 00w TS NI I

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-

ATORE - ML X ANRNWUESEL.” MA YT F Yo S0t

ducer position error represents thé ‘difference between

the actual position of the transducer 14, indicated by
the decoded position signal, and-tﬁe 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
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 radially with respect
to the disks 16, 17 in order to minimise tbe“transducer

Z
by
e
ki
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position error. .

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 sexrvo
tracks is not continuous but is condensed into evenly

spaced sectors. This is known as a sectored servo
system. The servo transducér 14, f£flying over the servo
sectors as the servo disk 16 rotates, produces a
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COntroI An exanpl e of such a systemis
'Nunber 4,590, 526 which enpl oys a series of

in oncfof the fields may be in error. According to one aspect of the

i nvention, there is provided a wget hod of

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 represeﬁt_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 sinusoidal.

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
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

—_—
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ng ‘transducer position error of a transducer in a data storage

syst the nmethod conprising: providing first and second quadrature fields
and ormal field on a disk in the data storage system the quadrature and
normafg fi el ds each containing position information, and the first and

seconlg quadrature fields being positioned on opposite sides of the nornmal
fiel dg reading position information fromthe first quadrature field,;

r eadi position information fromthe nornmal field to produce a nornal

posit @on word; and reading position infiawrmation fromthe second quadrature
fieldg characterised in that the first and second quadrature fields are
each |f of the length of the nornmal field; and in that the position

i nf or ffat i on theowenlteef ofs ttheu sdraouteanisdiugers Idors mafdiakly t he

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

t 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. R

The information encoded in the PLO/AGC synch field
is identical in phase and ffequency 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 Qay so that a phase locked oscillator in the servo
position demodulator 22 can synchronise with’the output
of the servo transducer 14. ' '

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 1l4. If the dibit
amplitude exceeds a given-threshold, in this embodiment

one half the maximum possible amplitude, the dibit is
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bcer

m t he nor nal
ind second quadrature fields caused by the radial
over the disk; the total quadrature word and the normal position
bpr esenti ng t he transducer position error. The nethod may al so
e conmbining the normal position word with the total quadrature word
fuce a conposite position error séﬁple representing position error.

Mi'ormation fromthe second quadrature field to produce a total
word to conpensate for a tenporal shift in position information
field relative to position information read fromthe
velocity of the

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 (PESl, PES2A and PES2B) the
magnetic information encoded on adjacent tracks is
recorded 180° out of phase. This produces a chequer-
poard pattern of magnetisation. The magnetic
jnformation in the PES fields is also recorded plus or
minus 90° out of phase with respect to the magnetic
jnformation 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
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
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
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-4~ #ret hod* may further conprise reading position information froma
trackidentification field on the disk to produce a track identification
wor d. Jereferably, the nmethod includes conmbining the track 1D word with the
conpoyEte position error sanple to produce a total position word
repreggnting total transducer position. According to another aspect of the
preser® invention there is provided a data storage disk with a sector on
it, sdld sector containing position infggnation used to determ ne position
error

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.ﬁhé total output
voltage of the position signal from ﬁhé servo transducer
l4. For a first order approximdtion, 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 voltégé from the servo
transducer 14 depends on how many differen;iél read
elements produce +Vm Cos (wt) and how many produce -Vm
Cos (wt).
To express 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 4 may be positive (towards the

inner radius) or negative (towards the outer radius).
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Fansducer” over the disk in a data storage system the sector

ing: a normal field for generating a normal position word and havi ng
th and a firstside and a second side, the first side being oriented
te the second side on the disk; a first quadrature field, having a

conpr

l-engt @ and being | ocated on the first side of the normal field; and a

secon@® quadrature field, having a I ength and being | ocated on the second

si de the normal field, the normal field and the first and second

quadr @ ure fields containing position ihBormation; characterised in that
the figst and second quadrature fields are half the |length of the nornal
fieldgand are arranged relative to_the normal field._to cogpens %g for

t enporfl shi Ef R eapdsFt oA Vh@%?nﬁfiBheréﬁﬂv?rBﬁ?PHQUHSanB'fi &%rel ative
to posgtion gach read element dy contributes a fraction equal to

dy/b towards the total output voltage provided by the
servo transducer l4. The integral for the PES1l field as

shown in Figure 5 is solved as follows:

+ b+ d
2
0
vit) = ("Vm) Cos wt ¢ dy + J (*vm) Cos wt * %1
b
/ 0
-b + 4
2
= 2d Vm Cos wt ;* - Db £4d<£ +b)b .o Eg. 1
2 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
amplitude in the PESl field is propq:tional 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
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tion redd fromthe guadrature fields caused by radial velocity of a

‘ucer over the disk, the first and second quadrature fields being such
when they are conbined to produce a total quadrature word, the total
ture word and the normal position word represent the transducer

on error. According to a further aspect of the present invention,

I s provided an apparatus for detecting transducer position error of a
ucer in a data storage system characterised by conprising: a storage
aving a sector containing positigpa information, the sector including

ml field having a length and havinga first side and second side, the

side being oriented opposite the second side on the disk, a first
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
fposition signal provided by the servo transducer 14 in
the PES2 field is at a maximﬁm, and therefore in a non-
linear region when the amplitude in the PES]1 field is at
a minimum (and therefore in a linear region), and vice
versa. Hence, either the quadraturé or the normal
field is always in a linear region and fhere is always a
linear relationship between the posiéion signal
corresponding to one of the PES fields (PES1l 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. Tﬂe positionlsignal from
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 multipiier 38, a
voltage-to-current converter 40 and a current summing
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quadrgture field, and a second quadrature field; first reading neans for
i@g position information fromthe first quadrature field; second

g nmeans for reading position information fromthe normal field to
produge a normal position word; and third reading 4a neans for reading
posi tgon informati on fromthe second quadrature field; characterised in
he first and second quadrature fields are half the |l ength of the
field and are

15

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 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
5 22.

Next, the comparator 50 decodes track ID dibits
as either logic 1 or logic 0 depending on their
amplitude. In this embodiment, the comparator 50 has a
threshold of one half the maximum automatic gain
0 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
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posi ned on the first and second sides of the normal field respectively;
and that first conmbining neans is provided for conbining the position

i nfo tion fromthe first quadrature field with the position information
fro he second quadrature field to produce a total quadrature word, the
firsg conbi ni ng means conbining the position informati on to conpensate for
shi f bet ween the position information fromthe normal and quadrature

fiel caused hy radial velocity of the transducer over the disk, and the

t ot alff quadrature word and the normal pd®ition word representing the
trangglucer position error. The apparatus may include second conbi ni ng neans

nmbi ni ng t he nqr nal .
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 Bélapcing the voltaée—
to-current converter 72 once per segvb'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, thé frequency of
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 PES1l, PES2A and PES2B. This voltage is applied
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fon word with the total quadrature word to produce a conposite

lon error sanple representing position error. Additionally or.
natively the apparatus may include fourth readi ng nmeans for reading
ion information froma track identification field on the disk to

ce atrack identification word. The apparatus may further include

d conbi ning nmeans for conbining the track ID word with the conposite
ion error sanple to produce a total position word representing total
ducer position. 17

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,

5 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

10 distance that the servo transducer 14 is tracking from
the track centre. .
f The composite PES word, together with the
corrected track ID word, form one digital position word

which is typically 19 bits long. The digital position
15 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,
20 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
25 A/D converter 90.
Operation of the positioning system is described
with reference to Figures 7 and 8. Figure 7 is a
timing diagram which shows the relationship between

logic control signals generated by the programmable

30 event generator 56, the analog position signal and the
PES capacitor voltage as the servo transducer 14 moves i
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

EN“.
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natively the apparatus may include fourth readi ng neans for

ion information froma track identification field on the 5
ce a track identification word.
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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
évent 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’ﬁﬁe_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. S

Next, the servo transduce; 14 passes 6ver the
track ID field in the servo sector. The sérial digital
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

-
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baratus may further include second conbi ning means for conbining the
P D word with the conposite position error sanple to produce a total
sion word representing total transducer position. 10 ' The
combi ni ng neans preferably includes addi ng means for adding the

lon information fromthe first quadrature field to the position
mation fromthe second quadrature field. The invention is illustrated,
y by way of
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comparator/multiplier 70 while the switch 76 remains
open. The feed back signal 120 is multiplied by the
anélog 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
10 position signal. This is shown by plot C in Figure 8.
Figure 9A illustrates the output of the phase
gomparator/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
15 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
120 the centre of the servo transducer 14 and the centre of
track B. The polarity of the DC component of 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
- 125 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
126 in Figure 8. |

Figure 10 illustrates the general case where n
30 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:
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Pxanpl e, in the acconpanying drawi ngs,. in which:- Figure |l is a

idi agram of one enbodi ment of a denodul ating system according to the

8t i nvention; Figure 2 is a view of a disk surface used in a sectored

system 20 Figure 3A is an enlarged view of a portion of a
servo sector of the disk showm in Figure 2; Figure 3B is a diagram

e format of servo information in one servo sector of Figure 3A -

20
n cycles 1 cycle +n/2
Vpes = 1 i(t)at = n i(t)dt = n j i(e)de
c c c w
+rt/2 -1t/ 2
= n 2d Vmgm Cos © 1L d06 = n * 2 * 2Vmgm * d
c b \ c b W
~1t/2
.- Eg. 2
D
where
/
n = # cycles measured
= width of transducer ‘14
€ = capacitance of PES capacitor 84
p _ Vm = maximum AGC'd amplitude .

gm = galn through charge pump 72
w = frequency of p051t10n SLgnal

The result shows that the final voltage on the PES
? capacitor 84 is directly proportional to the off track
error, d, since n, ¢, b, Vm, gm and w are all
constants. The relationship between the final analog
voltage on the PES capacitor 84 corresponding to the
k PES1 field and the off track error,_éL is graphically
illustrated in Figure ll. The voltage rémps.for five
radial positions in one servo sector are sho&n as they

relate to off track error, 4.

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

=4
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Fi g@ire 4A shows a transducer output signal 20 anplitude as a function of
tragk radius for one servo sector; Figure 4B shows the relationship between
t'heftransducer and nagneti sed areas on the disk; Figure 5 is a diagram used
to Hescribe mathe- 30 matically the anplitude of the transducer out put
sigpal as a linear function of the distance of the transducer centre from
theftrack centre;

21

(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,

10 chosen should be high enough to achieve the averaging of
possible media defects over several cycles. However,

A= 1Y

ift 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 1l14.
15 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 PES1l and PES2
position samples. After the A/D conversion of the final
20 . 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-

5 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
which the servo transducer 14 follows the track.

30 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

-_—
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e 6 is a detailed bl ock di agram of a servo position denodul ator;
re 7 is a timng diagram show ng PES capacitor voltage during one servo
Figure 8 is a timng diagram showi ng the relation-
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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 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 genefator 56 closes
analog switch L3 connecting PES capacitor 84 to the
output voltage of integrator 1l14. -

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 signifiéant bit of the A/D
converter 90. Resistors Rl and R2 which represent the
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
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etween events in the servo position denodul ator of 5
showi ng the output of a nultiplier of the servo

e 9A is a graph
i on denodul ator of Figure 6 as a function of track radius; Figure 9B

di agram showi ng nagnetised bits in 10 a servo sector and the
i on of the transducer which corresponds to the p05|t|ons I n Figure 9A
e 10 is a diagramwhich illustrates the
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most significant bit depends on whether signal vin is
greater or less than the internal voltage Vmidref at the
node 1285. 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, PESl 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
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
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fronshi p between the final voltage on the PES capacitor and the off
"9 error of the transducer; 15 Figure 11 is a graph of an

=g voltage PESI versus track radius of the transducer in one servo

gor; Figure 12A is a nore detailed block diagramof a DC null |oop; 20
e 12B is a timng diagramshow ng the relationship between key signals
:he DC null "1 oop of
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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
10 is proportional to the distance of the centre of the

servo transducer 14 from the track centre.

f 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
15 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 défine the
position within the track. - :
However, a problem can still arise. As the servo
20 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
25 fields is read later in time, it is more recent and,

hence, more accurate position information than that

read from the track ID field. Wﬁen the servo tfansducer

14 is moving radially, it has a slanted trajectory

across the servo sector. Therefore, it may enter the
30 servo sector in the track ID field of one track but
cross a boundary between tracks and exit the sexrvo
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
- ;
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#¢¢ 12A; Figure 13A shows the concept of a total position word; 25

fe 13B is a diagram showi ng PES voltages and the |east significant bit
: e raw track identification nunber as a function of transducer

5% i on; Figure 13Cis a truth table giving the correction 30 nunber
each case shown in Figure 13A

25

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.

5 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

10 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.

15 Trace A represents the 2's complement form of the
amplitude of the position signal corresponding to the
PESl 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

20 Figufe 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

25 track ID in an adder 142. For all other cases, the
number 0 is added to the track ID.

Figure 1l3E shows the correction logic 140 in more
detail. It should be noted that the addition of the
correction word to the track ID could also be accompli-

30 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
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13b is a block diagramof a track identifi- cation correction
Fi gure 13E shows one inplenentation-of the track identification
pcti on feature; 7 Figure 14A shows track crossing plots for the PES

26

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

Figure 142 is an imaginary tracing of digitised
final voltage values of the analog PES ramps generated
10 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
15 crossing plot for the PES1 field crosses 00 hex

" represents the track centre. e
Demodulation of the PES2A fleld produces the PES2A
tracking plot shown in graph Gl of Flgure 14A.

Similarly, demodulation of the PES1 and PES2B fields
20 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
: 125 crossing plots condensed onto a single piane._ 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
measurement time period for the PES2A and PES2B fields
is only one half that of the PES1l field, the slope of
the PES2A and PES2B track crossing plots in volts per
micro-inch is only one half that of the PESl1l track

crossing plot.
The PES2A position sample is added to the PES2B
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S 1 a servo on-data-system Figure 14B shows the relationship between
t hejansducer position in the servo sector and the track 5 Crossing

Fi gure 14C shows the position of the transducer over one track in

t he’#@rvo sector; Figure 15A shows transducer trajectory over a servo
caused by radial novenent of the transducer 10 as the disk
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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 PES1l track crossing

LAY 1Y

plot.

The PES]l and PES2 track crossing plots shown in
- l10 graph G2 in Figure 14A are the inputs to the composite
PES generator 92. However, at only one radial position
falong the servo disk 16, only one of the two plots is
in a region where the PES amplitude is changing
linearly with transducer position. There are eight
15 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
- 120 generator 92 then creates a composite position error
sample output which is the standardised form of position/
error sample required by the servo control processor 24.
The composite PES generator 92 accomplishes this by
inverting the slope or changing the .sign bit of the PES1
25 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 1l4A.

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
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15B is a plot showing the effect of radial velocity of the
ucer on the PES track crossing plots;
ack crossing 15 plots after being conpensated for radial velocity
Figure 16A shows the track crossing plots for the PES

b in a dedicated servo system Figure 16B shows the relationship

en t he
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crossing plots as shown in Figﬁre 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 PES2C
track crossing plot has the correct orientation with
respect to the PES1l track crossing plot. By using this
téchnique, the composite PES output is generated
correctly, independent of the radial velocity. of the
servo transducer l1l4. Without this feature, non-
flinearities 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 ?igure 1. _This
invention may also be used in'hydrid.servo
qonfigurations. 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. In this type of system, customer data is
written between the write protected servo sectors. Any
head actively reading or writing customer data is also
acting as its own track foilowiné error sensor. This
increases track following precision and allows higher
track densities to be achieved.

Another servo system configuration in which this
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finsducer position in the servo sector and the track crossing plots;
g6C shows the position of the .transducer over one track in the servo
Figure 17 shows a servo systemhaving multiple 25
and Figure 18 shows a top view of a disk in the servo system
n Figure 17. Figure 1 is a block diagramof a negative feed
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invention may be used is one having multiple 1ndependent
actuators 200. This is shown in Figure 17. 1If 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. 1In this case, the
composite PES generator 92 merely'inverts the slope of
the d, e, £ and g segments. The servo track centres are
derived alternately from PES]1 and PES2 position samples.

For a servo-on-data system, the transducer is
used for both serving and reading and writinglcustomer
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.
-
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transducer

Yansducer bositioning system 8 according to the 30 pr esent
i on. A stack of magnetically encodabl e disks is shown generally at
el ectronmechani cal actuator (or E-block) 12 is used to position a

14 and a plurality of data transducers 18 radially with

t to a servo disk 16 and data di sks

30

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,
the e and h segments extend the linearity of the £ and g
segments. The track centre is always derived from the
PES]1 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.

10 In the present invention, the quadrature field is
split in half. Half of the quadrature field lies on one
fside of the normal field and half lies on the opposite
side of the normal field. By adding the information
from the PES2A and PES2B fields, the total quadrature
15 crossing plot is correctly oriented with respect to the
normal track crossing plot. This téchnique eliminates
non~linearities in the composite PES output due to the
slanted trajectory of the transdueer'14 as it moves
radially with respect to the disk 16. In essence, by
20 using this technique, the composite PES output is
generated correctly independent of the radial velocity /
of the transducer l14. Thus, the actuator can be
controlled more efficiently during track seek

operations.

25
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?Espectively. The servo transducer is positioned over a desired track
servo disk 16 where it is held while the data t cers 18, which
50 connected to the E-block 12, performread or wite 5

i ons. The servo transducer 14 reads position info“mu ' -
6 and provides position signals to a pre-anplifiefll CHMLL n,”m”:mr)
M s *

led and provided to a

31

CLAIMS

1. A method of detecting position error of a trans-
ducer (14) in a data storage system (10), characterised
by comprising: reading position information from a
first quadrature field (PES2A) on a disk (16) in the
data storage system (10); reading position information
from a normal field (PESl) on the disk (16) to pfoduce a
normal position word, the first quadrature field

40 ‘ (PES2A) being located on a first side of the normal
field (PESl); reading position information from a
'second.quadratﬁ;e field (PES2B), the second quadrature
field being located on a second side of the normal field
(PES1l), the second side being opposite the first side;
and combining the position informatidn from the first

U

quadrature field (PES2A) with the position information

from the second quadrature field (PES2B) to produce a

total quadrature word, the total quadrature word and

the normal posifion word representing the position |

- 30 error.

2. A method as claimed in claim 1 characterised by /

comprising: combining the normal position word with the

total guadrature word to produce a composite position
error sample representing position error.

25 3f A method as claimed in claim 1 or 2 characterised
by comprising: reading position information from a
track identification field (ID) on the disk to produce a

- track identification word. '
4. A method as claimed in claim 3 when dependent upon

30 claim 2, characterised by comprising combining the

track ID word with the composite position error sample

to produce a total position word representing total
transducer position.

5. A method as claimed in any preceding claim,
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. servo posi tion denmodul ator 22. The servo position 10

or 22 decodes the position information and prg'eﬁ ﬂ ljmlll"lm” t al
a servo control processor 24. The servo contro Iﬂ
85 the decoded position signal received fromthe sérvo gosi"tién *

lator 22 with a desired position signal 15 to detern1ne a

jucer position error.. The trans- ducer position error represents the
ence between the actual position of the transducer 14,. indicated by
32 '

characterised in that the combining step comprises
adding the position information from the first quad-
rature field (PES2A) to the position information from
the second quadrature field (PES2B).
6. A sector on a disk containing position information
used to determine position error of a transducer (14)
over the disk in a data storage system (10), charac-
terised by comprising a normal field (PES1l) with a first

. side and a second side, the first side being oriented
opposite the second side on the disk; a first guadrature
field (PES2a) located on the first side of the normal
fikld (PES1); and a second quadrature field (PES2B)
located on the second side of the normal field.

; 7. An apparatus for detecting position error of a

.15 transducer (14) in a data storage system (10),

' ' characterised by comprising: £irst 'reading means for

reading position information from a first quadrature
field (PES2A) on a disk (16) in the data storage system
(10); second reading means for reading position infor-
20 mation from a normal field (PESl) on the disk to

produce a normal position word, the first quadrature /
field (PES2A) being located on a first side of the
normal field; third reading means for reading position
information from a second quadrature f£ield (PES2B), the
25 second quadrature field being located on"a second side
of the normal field (PESl), the second side ‘being
opposite the first side; and first combiding means
(92) for combining the'position information from the
first quadrature field (PES2A) with the position
information from the second quadrature field (PES2B) to
produce a total quadrature word, the total quadrature
word and the normal position word representing the

position error.
8. Apparatus as claimed in claim 7 characterised by
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ecoded position signal, and the desired position indicated by a

ed position signal. 20 The servo contrql n
ates a position correction signal which is conveﬁtLﬂ"ﬂﬂm P@ﬂ
in digital-to-analog (D/A) converter 26 and appli&d t¢o &t hen Es k
rough a power anplifier 28. The position correction signal causes the

ck 25 12 to nove the transducers 14, 18 radially with respect to
t hes®i sks 16, 17 in order to mnimse g?e t ransducer

including second combining means for combining the
normal position word with the total quadrature word to
produce a composite position error sample representing
position error.

9. Apparatus as claimed in claim 7 or 8 charac-
terised by including fourth reading means for reading
position information from a track identification field
on the disk to produce a track identification word.

io. "Apparatus as claimed in blaim 9 characterised by
10 including second combining means for cdmbining-the track
ID word with the composite position error sample to
produce a total position word representing total trans-
ducer position. '

11. Apparatus as claimed in any ©of claims 7 to 11

{15 characterised in that the first combining means includes
adding means for adding the position information from
the first quadrature field to the position information
from the second quadrature field.

{25
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g ON efror.‘Cne di sk surface of the servo disk 16 is dedicated to

in servo tracks. This surface is shown in 30 Figure 2. © The servo
ion information in the servo tracks is not continuous but is condensed
evenly spaced sectors. This is known as a sectored servo system The

b transducer 14, flying over the servo sectors as the servo disk 16
es, produces a

34

ABSTRACT

A METHOD OF AND APPARATUS FOR DETECTING
POSITION ERROR OF A TRANSDUCER

A method of detecting position error of a trans-
ducer (14) in a data storage system (10), comprises:
reading position information from a first quadrature
Sld field (PES2A) on a disk (16) in the data storage system
(10); reading position information from a normal field
(PES1) on the disk (16) to produce a normal position
word, the first quadrature field (PES2A) being located
on a first side of the normal field (PES1l); reading
15 position information from a second quadrature field
(PES2B), the second quadrature fiéld being located on a
second side of the normal field (PESl)) the second side
being opposite the first side; and .combining the
position information from the first quadrature field
20 . (PES2A) with the pbsition information f£rom the second
quadrature field (PES2B) to produce a total quadrature -~ /
word, the total quadrature word and the normal position
word repreéenting¢;pe position error.

25

- » -
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[Figures 6A and 6B]
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- one servo sector on the servo disk 16. The bl ack and white bars
Pt oppositely magnetised areas on a surface coating of the servo

The 10 oppositely magneti sed areas are recorded cl ose en9ugh
so that the position signal generated by the servo transduq}k 14
irally si nusoi dal. Figure 3B shows that one servo sector contalns,
.distinct fields. The fields include a phase 15 | ocked i
;tor/autonatlc gain control (PLQO ACGC) synch

gy
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B or Con the servo disk 16, it generates a generally sinusoidal
.signal. The sinusoidal position signal represents the magnetically
5-|nfornat|on shown in Figure 3B. Figure 4A illustrates the p05|t|on
¥30 generated by the servo transducer 14 as a function of vae
:transducer positions along a single.track (for exanple track F§”05
rvo di sk 16 where position 3 represents the centre of the track, {
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.j and 5 represent off centre positions where
B8 10 the centre of the servo transducer

REPLACEMENT SHEET
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gtrack to track. Each track ID bit is represented by one dibit cell.
fpl i tude of a dibit depends on the radial position of servo transducer
: the dibit anplitude exceeds a given threshold, in this enbodi meni~ _
al f the maxi num possi ble anplitude, the dibit is decoded as a Iqﬁ(¢"‘;
the servo position denodul ator {1 .-'/;
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%W se, it is decoded as a logic 0. Therefore, n bit cells define 2n
Facks on the disk. In the PES fields (PES1, PES2A and PES2B) the 5
& i nformati on encoded on adjacent tracks is recorded 180 out of

“Thi s produces a chequer- board pattern of nagnetisation. The , —_—
. information in the PES fields is also recorded plus or m nug @ JI :
phase with respect to the nmagnetic 10 i nformati on encoded in { 9/
-synch field. — ‘
Y
\ v

fig. 10
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E closer” to the centre position 3, the anplitude of the position
signal i.s smaller. The PES2 field (also known as a quadrature field) is
Split in half. Half of the quadrature-field (the PES2A field) lies on gne]
side of the normal field and 25 hal f (the PES2B field) lies on an7 by
opposite side of the normal field. The quadrature field is encoded wit’ Z}I’/
magnetisation pattern which is identical to that of the normal field but/ ° /
which is radially offset fromit by

a
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the.quadrature field, the position si gTasShed Yy de t he servo
frducer 14 is at a maximum anplitude when Re®ducer 14 is _
_yt'ig over the track centre position 3 and a Iﬁﬂmm’ ' litude when/"g//
is f¥ying over the off centre : ' / / /
= . . 5
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12°3gpsitions 1 and 5. The information read fromthe normal and quadrature
fieltls is referred to as a position error samnmpte—The—+nernal_and quadrature

fiel-ds each produce a 5 separate position-ﬂﬁirég}(l)rt anpl e. The anplitude

of the position signal provided by the servo tr eplacet esent | ng/ ne , —
position error sanples is a linear function of! I f the cent,é’i'/ /
of the ser
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tr'ag sducer” 1 fromthe track centre (position 3). This 10 I s shown
theoreticall'y in Figure 5. The servo transducer 14 is noving relative to
the servo disk 16 in the direction indicated by arrow 30. The servo /
transducer 14 may be regarded as being conposed of a set of read el emégg 17
of differential width 15 operating in parallel, whose out put signalis’ ¢
are-added together or integrated to produce. the total output voltage o

the position signal fromthe servo tr
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14 ?-'5-.‘, For a first order approximtion, it is assuned-that the position

si gnal fromthe servo transducer 14 is 20 Si ﬁgﬁegt <B Any fringing
field effect-is neglected. Since the magnetic pat e 0 sector ;
was originally witten 180 out of phase for adj JM H Il he signal //,' —
produced by a differentjal read element, dy, wll ei t her p‘l@;’//
or mnus 25PESHEVm Cbs (w e total output voltage fromthe servo i
transducef % ¢ DERE S\ oni A MJTE yG?i fferential read
PES qa or 2b i Ljr)zin
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-e@mnts produce +Vm Cos (wt) and how many produce -Vm Cos (wt). To express
t,hls mathematically, let d equal the 30 di stance fromthe centre of th
servo transducer 14 to the nearest data track centre (a boundary betV\??
tthe +Vm Cos (wt) and -Vm Cos (wt) regions in the PESL field). The di¢

d may be positive (towards the inner radius) or negative (towards the ot r/
radi us).
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REPLACEMENT SHEET
| "’ A METHOD OF AND APPARATUS FOR DETECTING
02 Nov 1996 POSITION ERROR OF A TRANSDUCER

This invehtion relates to methods of and apparatus

for detecting position errors 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,

‘the data on the track. The transducer is also capable

of readlng the magnetlcally 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 poéition signal which is decodee

by a position demodulator and presented in digital form

to a servo control micro-processor. The servo control
micro-processor essentially compaies actual radial
position of the transducer over the disk with desired
position and commands the actuator to move in order to -
minimise p051£10n error. _

~ In one type of servo system, one disk surface is
dedlcated to contain servo tracks which are encoded with

servo p051t10n 1nformatlon. The servo position infor-
mation 1n“the servo tracks is condensed to evenly spaced
sectors. A- servo transducer flies over the servo
sectors as the dlsk rotates and produces a sampling
effect. The actual position transducer information is

up~dated. at ' the end of each servo sector throﬁgh the use
e vy
e
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-b +d 2 where b =__core gap wdth of transducer 14 Vm = maxi num

anpl i tude SHEET A of f track error w = frequency of position
signal. The hatf the position signal of the servo transducer
14 V(t) hag ude whith is a 25 i near function of the off track
error, d. t -

2

of track identification information and position error
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 fieiﬁs, ' the off track
position of the transducer is deterﬁlned relatlve to the
centre of the track. The position samples are typlcally
decoded by integrating the analog p051t10n SLgnal
provided by the transducer which represeuts the p051tion
error information magnetically encdded'oﬁ'the disk. Thé
integrated signal is then converted to aﬂdlgltal signal
representing transducer p051tlon error."

In the past, the normal field and quadrature
field, as encoded on the magnetic diék'e were located
adjacent one another. As the transducer flew over the
normal field and then the quadrature field, the
position samples from the normal and quadrature.fields
were decoded. However, radial movement of the trans-
ducer over the magnetic disk resulted in a slanted
trajectory of the transducer with respect to the
quadrature and normal fields on the magnetic disk. The
slanted trajectory causes. non-linearities in the form of

an apparent phase shift in the p051t10% samples decoded
,;f‘ L d u"r

-%
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from the quadrature and normal fields. This phase shift
resulted in non-linearities in the integrated position
signal. The non-linearities also caused inefficient
actuator control.

According to one aspect of the present invention,
there is provided a method of detecting position error
of a transducer in a data storage system, characterised
by comprising: reading position information from a
first quadrature field on a disk in the data storage
system; reading position information from a normal
field on the disk to produce a normal position word,
the first quadrature field being located on a first side
of the normal field; reading position information f£rom
a second quadrature field, the second quadrature field
being located on a second side of the normal field, the
second side being opposite the first side; and
combining the position information from the first
quadrature field with the position information from the
second quadrature field to produce a total gquadrature
word, the total quadrature word and the normal position
word representing the position error. /

The method may also comprise combining the normal
position word with the total quadrature word to produce
a composite position error sample representing position
error.

| The method may further comprise reading position
information from a track identification field on the
disk to produce a track identification word.

Preferably, the method includes combining the
track ID word with the composite position error sample
to produce a total position word representing total
transducer position.

The combining step-may comprise adding the
position information from the first quadrature field to
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the position information from the second quadrature
field.

According to another aspect of the present
invention, there is provided a sector on a disk
containing position information used to determine
position error of a transducer over the disk in a data
storage system, characterised by comprising a normal
field with a first side and a second side, the first
side being oriented opposite the second side on the
disk; a first quadrature field located on the first side
of the normal field; and a second quadrature field
located on the second side of the normal field.

According to a further aspect of the present
invention, there is provided an apparatus for detecting
position error of a transducer in a data storage system,
characterised by comprising: first reading means for
reading position information from a First.quadrature
field on a disk in the data stordge system; second
reading means for reading position information from a
normal field on the disk to produce a normal position
word, the first quadrature field being located on a
first side of the normal field; third reading means for .
reading position information from a second quadrature
field, the second quadrature field being located on a
second side of the normal field, the second side being
opposite the first side; and first combining means for
combining the position information from thé first
quadrature field with the position information from the

!

second quadrature field to produce a total quadrature
word, +the total quadrature word and the normal position
word representing the position error.

The apparatus may includé second combining means
for combining the normal.position word with the total
quadrature word to produce a composite position error
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However,

the presence of the quadrature field (PES2) allows the servo

posi tion
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i onshi p between the PES2A and the PES2B fi el ds

51 field.  The fanplitude of the position signal provided by the

sdre NOMH1996 thel PES2 field is at a maximum and therefore in a
regi on when fhe anplitude in the PESL field is at 15 a
Ftirerefrore I n | i near regiog), and vice

sample representing position error.

Additionally or alternatively the apparatus may
include fourth reading means for reading position
jinformation from a track identification field on the
dlSk to produce a track identification word.

The apparatus may further include second combining
means for combining the track ID word with the composite
position error sample to produce a total position word -
representing total transducer position.

The first combining means preferably includes
addiné means for adding_the position information from
the first quadrature field to the position information
from the second quadrature field.

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

Figure 1 is a block diagram of one embodiment of a
demodulating system aécording 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 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 -
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;
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vérsa. Hence | drature or the normal field is always in a
| i near reg-onﬂqmaEMﬁﬁFéﬂE al ways a linear relationship between the

position silg rrespondinpg to one of the PES fields (PES1 or PES2) 20
and the di 4t g@ncge. t helcentre of the servo transducer 14 and the
t

track centre {( équyq??%c rror) no matter where the servo transducer 14
I s positioneq across—+ke—radilal wdth of a track on the servo disk 16.

| ock diagran1gf t he

Figure 6 isld nore detailed

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

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

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 92;

{ 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 1l is a graph of an analog voltage PES1
versus track radius of the transducér 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 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 -
position;

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

- Figure 13D is a block diagram of a track identifi-

cation correction feature: |

Figure 13E shows one implementation of the track
identification correction feature;
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25 servo position denodyl at or 22 whi ch decodes position information
repr esent ed_b ~ sition signal fromthe servo transducer 14. The
posi tion S'quﬁﬁAﬁﬁw th le.serlvo transducer 14 is applied to a filter 32

where it i} pive hi gh frequency noise. The 30 filtered
signal- is ¢ () anl automatic gain control (AGC) |oop 34 (Figure
6B). The A® ' i sed of a voltage controlled anplifier 36, an
anal og mul t}i plei-@pm3t ' : 7

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 posxtlon of the transducer
over one track in the servo sector;

'Figure 1l5A 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
nmelocity 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 servo

- system shown in Figure 1l7.

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
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AR




voltage t Qo ourrent CoRwy 40 and a current sunmm ng junction 42. An
anal og sw thEAEEMEd!TaS!&Eﬂa( itor 46 allow the AGC | oop 34 to be configured

;ﬂ anhacq ir 'ﬁDdE”Ur“a“ﬁ¢I( node (explained later). An overall reference
or the a ma [ controlled anplitude is provided through a
8

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
peratlons.

" The servo transducer 14 reads p051t10n 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-tﬂe 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
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 radially with respect
to the disks 16, 17 in order to minimise tbe“transducer
position error. -

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 transduceér 14, flying over the servo
sectors as the servo disk 16 rotates, produces a
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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 sinusoidal.

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
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
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15 transmited to a volt conparator 50 which generates serial digital
dat a corresgoRgPIMCEMENT SHEEEC] d anal og signal . The conparator 50 provides
the serial digt _ ynch detector circuit 52 and a serial-to-
regi r :
56 gr @b@ {l‘?ié S

paral | el shifft 2 The synch detector circuit 52
I dentifies tihe ryo sector and enabl es a progranmabl e event

generator ( REG rammabl e event generator 56 produces timng and
wi ndow | ogi d signal s required]for 10

the centre of the servo transducer 14 is radially

aligned with, and £lying over the outer radius or inner

radius of track B, respectively. If the servo trans-
ducer l4 were tracking albng 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. '

Position§ 2 and 4 also represent off centre
poéitions. 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‘l4, the magnetised areas of the

servo disk 16, and each of the transducer positions 1

to 5. ST
The information encoded in the PLO/AGC synch field
is identical in phase and frequerncy from track to track
along the servo disk 16. Therefore, Figure 4A shows
that, as the servo transduéer 14 flies over this
region, its output position signal is a constant
frequency, independent of the partiéular 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. . ' :

In the track ID fieid, 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 1l4. If the dibit
amplitude exceeds a given-threshold, in this embodiment
one half the maximum possible amplitude, the dibit is
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co [ d I ekt gibits as either logic 1 or logic O
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bbsition denodT
conpar at or 50id

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-
poard 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 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
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 6pposite side of the
normal field. The quadrature field is encoded with a
magnetisation pattern which is identical to that of the
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 £lying
over the track centre position 3 and at a minimum

amplitude when it is flying over the off centre
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code and is converted to a binary track I D word by conbi nati onal |ogic 58.
The binary treck—m 116 |l atched in a latch 60 and provided to
tvack ID correﬁfw%wcéé% ich will be explained in nore detail later.
The out put of] tjhe correction}ldgic 62 is
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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.fhé total output
voltage of the position signal from ﬁhé servo transducer
14. For a first order approximdtion, 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 voltégé from the servo
transducer 14 depends on how many differen;iél read
elements produce +Vm Cos (wt) and how many produce -Vm
Cos (wt).

To express this mathematically, let d equél 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 PESl
field). The distance d may be positive (towards the

inner radius) or negative (towards the outer radius).
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i dentifies the HaREPCWENE er which the servo transducer 14 is
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If b equals the width of the servo transducer 14, then
each read element dvy contributes a fraction equal to
_11_ towards the total output voltage provided by the
servo transducer l14. The integral for the PESl field as

shown in Figure 5 is solved as follows:

+ b+d
0 2
vit) = ("Vm) Cos wt * dv + (*vm) Cos wt * dy
_ b b
/
-b + 4
2
= 28 Vm Cos wt ;* - bs<sds+bh .-- Eg. 1
b 2 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
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, gd.

In reality, the amplitude of the position signal
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Ibop) 66 (Figure 6A). The PLO | oop 66 conprises an analog switch 68, a

phase conpar atfo 1 rer—+8—a 15 vol tage-to-current conververter
(char ge punp) 7553}1\)%#'“@“ SMETd(s a balance circuit 74 for bal ancing the

vol t agé- to-cdrrent converterj7® once per servo-sector so .that there is

zero current qut pmzfqug%) oftage input, an anal og switch 76, a filter
78, a voltagejcontroll oscillator. 80 and a cl ock generator 82[erﬂ

The PLO | oop 6 ToOcks ontoe—+ke phase and frequency of the AGC d

(J

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
guadrature relationship between the PES2A and the PES2B
fields and the PES1 field. The amplitude of the
fposition 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 quadraturé or the normal
field is always in a linear region and fhgre is always a
linear relationship between the posiéion signal
corresponding to one of the PES fields (PESl1l 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. Tﬁe position'signal from
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 multipiier 38, a
voltage-to-current converter 40 and a current summing

i
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anal og signal provided by the AGC | oop 34. Then, the analog switch 76 is
opened all ow ng the PLO-4-60p-066 to open. The signal provided to the voltage
PILAGSEENT &8 is then held constant. Hence, a constant
at-theout pul of the vol tage controlled oscillator 80.
frequs fla dlgltal feed back signal 120 fromthe cl ock
al%BSQCﬁQQ 30 The output of voltage to the

(@)
o
>
—
-
=3
®
o
N

Ther ef or e,
generat or 8.

vol tage-to-cutr
15

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 aﬁplitude due to changes in track radius, £lying

; 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 identifies the start
of a servo sector and enables a programmable event o

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
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

j combinational logic 58. The binary track ID word is
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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
Yoltage-to-current conververter (charge pump) 72, which
includes a balance circuit 74 for Sélagcing the volta§e~
to-current converter 72 once per se;vb'sector so .that
there is zero current output for“zero voltage input, an
analog switéh 76, a filter 78, a voltage controlled
oscillator 80 and a clock generator 82- The PLO loop
66 locks onto the phasé and frequency of the AGC'Ad /
analog signal provided by the AGC loop 34. Then, the
analog switch 76 is opened allowing the PLO loop 66 to
open. The signal pfovided to the voltage controlled
oscillator 80 is then held constant. Hence, . a constant
frequency results at the output pf the voltage
controlled oscillator 80. Therefore, thé frequency of
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
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90 is provided to a conposite PES generator logic 92. The conposite PES
generator logic 92 conprises |atches 94, 96, a digital adder 98,

mul ti pl exers 100 an | exer control logic 104, a swtchable

i nverter 106 'hwmmM&WYﬁ | ogi ¢ 108. The out put of the conposite
PES gener at or [ It
error which re rbsenég h@nﬁ

tracking fromtih centre\

a‘ce that the servo transducer 14 is _
he conposite PES word, together with the

corrected track I\D word.—ermiong digital position word which is typically
19 bits | ong. e digital position wor efines the radial position of the

servo transduce servo di sk in a continuous fashion down to
approximately one or two micro-inches (1 micro-inch = 25A nm of

quantisatithrough 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,
multipiexer control logic 104, a switchable inverter
106 and inverter control 1ogié'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, together with 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
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
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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
évent 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:ﬁﬁe.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 ana 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. o , '

Next, the servo transducer 14 passes dver the
track ID field in the servo sector. The sérial digital
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
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14 noves over

! Guf-es . Figure 7 is a timng diagram which
|aEmﬂﬁéﬁkﬁib§ﬂﬁ£e1 | ogi ¢ control signals generated by the

t he anal og position signal

ser vo transducer

and t he

one servo

comparator/multiplier 70 while the switch 76 remains

open.

multiplier 70.
synch field is recorded 90° out of phase with the

and since the feed back
the multi-

information in the PES fields,
signal 120 is held with a 90° phase shift,

The feed back signal 120 is multiplied by the
analog position signal in the phase comparator/

Since the information in the PLO/AGC

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

gomparator/multiplier 70 for the five radial positions

) di agram showi ng the rel ati onship between
synchronous denodul ati on of the fine

of the servo transducer 14 which were described earlier

with reference to Figure 4A.

Figure 9B shows the

spatial relationship between the centre of the servo

transducer 14 and the centre of track B in radial ~:
In the PES fields, the

transducer positions 1 to 5.

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.
indicates the direction of the off-set.

Hence,

when

The polarity of the DC component of the signal /

the current provided by the voltage-to-current converter

72 is applied to the PES capacitor 84,
integrated,
ramp depending on the polarity of the current.
such voltage ramps are indicated at points 122, 124 and

126 in Figure 8.

the current is
producing a positive or negative voltage
Several

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:
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14 noves al

T o Posi tion demodul ator 22 as the servo transducer
n ‘%A@E@gwigﬂéugtor.'As the servo transducer 14 passes over the

AGC/ PLO synghffield in the kefvo sector, the progranmable event 5
generator 56¢ ¢! GFPNOVI®99M [ ch 44 to close the AGC | oop 34. The AGC | oop
34 acquires tWe proper gain{sp that

. 20
n cycles 1 cycle +n/2
Vpes = 1 i(t)at = n i(t)dt = n J i(e)de
c’ c o w
+rt/2 ' -nt/2
= n 2d Vmgm Cos © 1 48 = n * 2 ¢ 2Vmgm °* d
c b W c b w
-m/2
.o Eg. 2
where .
! n = # cycles measured
= width of transducer 14
€ = capacitance of PES capacitor 84
Vm = maximum AGC'd amplltude .

gm = gain through charge pump 72
w = frequency of position 51gnal.'

The result shows that the final voltage on the PES
capacitor 84 is directly proportional to the off track ;
error, 4, since n, ¢, b, Vm, gm and w are all
constants. The relationship between the final analog
voltage on the PES capacitor 84 corresponding to the
PESl field and the off track error, d, is graphically
illustrated in Figure 1l. The voltage ramps for five
radial positions in one servo sector are sthn as they
relate to off track error, 4. | ' C

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
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t he anpli1uﬁ@néﬁfvﬁ%?éhﬁEB position signal is conpensated for anplitude
changes chufed Bj'Eﬁaﬁﬁéﬁ in ) track radius, transducer flying

hei ght, ang edi a properties. Al so, as the servo transducer
14 flies gvgr@%%xlﬁﬁc- ynch field, the progranmabl e event generator 56
cl oses thp amatog—swtehes {68, 76 to close the PLO | oop 66. When the PLO
| oop 66 i cl osed, the voltjage control _gscillator 80 | ocks onto the phase
15 and frequency of THe"AGC d analogzéignal provi ded by the

(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, 1,
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 veiocity of the servo transducer 1l4.
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 analog PES voltage. Using only one
capacitor to integrate the position signal for both the
quadrature and normal fields increases the accuracy with
which the servo fransducer 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

i
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AGC | oop 34 uses the digital feed back signal 120 which

| ocks in at §E5'€ﬂc<5ﬁ'ﬂ‘”% 5hift fromthe AGC d anal og signal provided by
the ACGC | odp 34 ﬁﬂter thejservo transducer 14 has passed over the 20
nfl og switches 44, 76 are opened and both the

PLO AGC synch -!%
AGC | oop 34 and the ¥i oppj 66 enter a hold node. Wiile in the hold node

b~y

the anplifi}- “catenr—+n—thel AGC | oop 34 and the phase and frequency of the
feed back 4ignal 120 in the PLO | oop 66 remain
' 22

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.efrors, linearity errors and variation with
temperéture. 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
fieids, the programmable event geneéator 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 51gn1flcant bit of the A/D
converter 90. Resistors Rl and R2 which represent the
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
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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 deﬁodulator 22, the gain in the AGC loop 34 is
set 'so that the A/D converter 90 full digital scale
cofresponds 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 1l4. 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, 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
.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
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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 wvoltage
is proportional to the distance of the centre of the
servo transducer 14 from the track centre.

f 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. Wﬁen the servo transducer
14 is moving radially, it has a slanted trajectory
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
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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 éomplement form, as it relates to
¥he 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
PES1l 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 ié required.

The correction logic 140, shown in Figure 13D,
forms a correction number of % 1 which is added to the
tréck 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
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
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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 operatlon, this
correlation permits a smoother settllng 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 PES1l field crosses 00 hex
represents the track centre. !

Demodulation of the PES2A fleld produces the PES2A
tracking plot shown in graph Gl of Flgure 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 l14A 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
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 PES1l track
crossing plot.

The PES2A position sample is added to the PESZB
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position sample to produce the total PES2 or quadrature
sample. One hardware implementation to perform this
addition was discussed with rgference 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 PES1l track crossing
plot.

The PES1l and PES2 track crossing plots shown in
graph G2 in Figure 142 are the inputs to the composite
PES generator 92. However, at only one radial position
falong the servo disk 16, only one of the two plots is
in a region where the PES amplitude is changing
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
PES1l 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 error
sample output which is the standardised form of position/
error sample‘required by the servo control processor 24.
The composite PES generator 92 accomplishes this by
inverting the slope or changing the .sign bit of the PESl
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.

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 1l4. 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
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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,
PESZC,.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 l4. Without this feature, non-
flinearities in the composite PES output would occur due
to the slanted trajectory of the servo transducer 1l4.
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. In this type of system, customer data is
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
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invention may be used is one having multiple independent
actuators 200. This is shown in Figure 17. 1If 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 diétapce 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 servé 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 l1l4. 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
derived alternately from PESl 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 1l4A.
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72 w = frequ

Vm = maxi nrum AGC d anplitude gm = gain through charge punp

\1%4

[=sj gnal . The result shows that the final
vol t age on the} PE Lg Eﬂgﬁf%@g citor 84 is directly proportional to the off

track error
relationship b

-since n, c,jb Vm gmand ware all constants. The
e &2 NOY {99gal| anal og vol tage on the PES capacitor 84

11%
—

correspondi ng folthe PESL fielld jand the off track error, d, is graphically-
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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,
the ¢ and h segments extend the linearity of the £ and g
segments. The track centre is always derived from the
PES1 bosition 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.

In the present invéntion, the quadrature field is

split in half. Half of the quadrature field lies on one

fside of the normal field and half lies on the opposite

side of the normal field. By adding the information
from the PES2A and PES2B fields, the total quadrature
crossing plot is correctly oriented with respect to the
normal track crossing plot. This,ﬁééhnique eliminates
non-linearities in the composite PES output due to the
slanted trajectory of the transducer.l4 as it moves
radially with respect to the disk 16. In essence, by
using this technique, the composite PES output is
generated correctly independent of the radial velocity /
of the transducer 1l4. Thus, the actuator can be
controlled more efficiently during track seek
operations.

s Sheet Has Been Replaced
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25 illustrated in Figure 11. The vol tage ranps
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CLAIMS

1. A method of detecting position error of a trans-
ducer (14) in a data storage system (10), characterised
by comprising: reading position information from a
first -quadrature field (PES2A) on a disk (16) in the
data storage system (10); readihg position information
from a normal field (PES1l) on the disk (16) to pfoduce a
normal position word, the first quadrature field
(PES22) being located on a first side of the normal
field (PESl); reading position information from a
’second'quadratu;e field (PES2B), the second quadrature
field being located on a second side of the normal field
(PES1l), the second side being opposite the first side;
and combining the position informatidn from the first
quadrature field (PES2A) with the position information

. from the second quadrature field (PES2B) to produce a
total quadrature word, the total quadrature word and
the normal posifion word representing the position
error.
2. A method as claimed in claim 1 characterised by /
comprising: combining the normal position word with the
total quadrature word to produce a composite position
error sample representing position error.
3. A method as claimed in claim 1 or 2 characterised
by comprising: reading position information from a
track identification field (ID) on the disk to produce a
track identification word.
4. A method as claimed in claim 3 when dependent upon
claim 2, characterised by comprising combining the
track ID word with the composite position error sample
to produce a total position word representing total
transducer position.

5. A method as claimed in any preceding claim,

" This Sheet Has Been Reﬂlaced ,
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characterised in that the combining step comprises
adding the position information from the first quad-
rature field (PES2A) to the position information from
the second quadrature field (PES2B).

6. .'_A sector on a disk containing position information
used to determine position error of a transducer (14)
over the disk in a data storage system (10), charac-
terised by comprising a normal field (PESl) with a first
side and a second side, the first side being oriented
opposite the second side on the disk; a first guadrature
field (PES2A) located on the first side of the normal
fild (PES1); and a second guadrature field (PES2B)
located on the second side of the normal field.

7. An apparatus for detecting position error of a
transducer (14) in a data storage system (10),
characterised by comprising: firsf’fea¢ing means for
reading position information from a firét.quadratgre
field (PES2A) on a disk (16) in the data storage system
(10); second reading means for reading position infor-
mation from a normal field (PES1l) on the disk to

produce a normal position word, the first quadrature
field (PES2A) being located on a first side of the
normﬁl field; third reading means for reading position
information from a second quadrature field (PES2B), the
second quadrature field being located on"a second side
of the normal field (PESl), the second side‘being
opposite the first side; and first Cmeiﬂing means
(92) for combining the position information from the
first quadrature field (PES2A) with the position
information from the second quadrature field (PES2B) to
produce a total quadrature word, the total quadrature
word and the normal position word representing the
position error. -

8. Apparatus as claimed in claim 7 characterised by

This Sheet Has Been Replaced
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incluéing second combining means for combining the
normal position word with the total quadrature word to
produce a composite position error sample representing
position error.

9. 'Apparatus as claimed in claim 7 or 8 charac-
terised by including fourth reading means for reading
position information from a track identification field
on the disk to produce a track identification word.

10. Apparatus as claimed in claim 9 characterised by
including second combining means for combining the track
ID word with the composite position error sample to
produce a total position word representing total trans-
ducer position. '

11. Apparatus as claimed in any of claims 7 to 11
characterised in that the first combining means includes
adding means for adding the position information from
the first quadrature field to the position information
from the second quadrature field.
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capaci t or

The final voltage on the PES capacitor 84 is al so proportional
to the capaC|tance of _the—~PES~capacitor 84. Note that the same PES
capaci tor
and PES2 posi\t

84ris- “g@iﬁrobuce t he anal og PES vol tjage=fter—_hg
@*@ﬁ% ~After the A/D conversi orl| GHIS BREET PWS B@.—'N
ranp vol tagetofi a PES gggﬁgrenent the digital re Itlznﬂﬁmhcm@d so

apacitor 84 can be reset——ar e
84 trah be re-,¢um&£¥ r the next PES neasurenent. Thi s ellnlnates

34

ABSTRACT

A METHOD OF AND APPARATUS FOR DETECTING
POSITION ERROR OF A TRANSDUCER

A method of detecting position error of a trans-
ducer (14) in a data storage system (10), comprises:
reading position information from a first quadrature
field (PES2A) on a disk (16) in the data storage system
(10); reading position information from a normal field
(PES1l) on the disk (16) to produce a normal position
word, the first quadrature field (PES2A) being located
on a first side of the normal field (PESl); reading
position information from a second quadrature field
(PES2B), the second gquadrature fiéld being located on a
second side of the normal field (PES1); the second side
being opposite the first side; and .combiniﬁg the
position information from the first quadrature field
(PES27) with the position information £rom the second
quadrature field (PES2B) to produce a total quadrature

word, the total quadrature word and the normal position

word representing-the position error.

Figures 6A and 6B
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ﬁosition denodul ator 22. Al so, the A/ D conversion nade by the A/D converter

90 is made early in the processing
denodul ator 22. The addition of the PES2A and PES2B position

the formation of the conposite PES signal all take place in
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| oop 110 is provided. Figure 12A shows the DC null |oop 110 in greater
detail and Figure 12B is a timng diagram 15 showi ng the rel ationshij
bet ween signals occurring in the DC null |oop 110. As t -S ,r;._qnfsdu-c-.e
14 passes over each servo sector, and before it reaches tI&EW“ Lelds,
programmabl e event generator 56 closes 4nal og switch L3 fofinecti ng PES

capacitor 84 to the 20 out put voltage of integrator 114} Np2MNOV 996 |
programmabl e event generator 56 generates .a J
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greater or less than the internal voltage Vmdref at the node 129. Duri ng
initial calibration of the servo position denodul ator 22, the gain in the

AGC loop 34 is 5 set so that the A/D converter 90 full IW t—state—
corresponds to one half of a servo track. The internal voltage LAGEMENT SHEET

corresponds to the track centre or zero7position error. The [ajched, npst
significant bit is applied to the integrator 114. The output]o] O® NV 1996
integrator 114, an external vo|tage, Vm dref at a node‘
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134, is driven towards the value of the internal voltage
through the integrator 114 is chosen so that the externa
just crosses the internal voltage Vm dref before the nex
sector. This is shown in Figure 12B. The peak to. peak
external voltage Vm dref nust be kept rBuch lower than th

1 dref . The ain
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20 exact centre of the digital scale. After the first A/ D conversion
is conpleted, the switch 118 is opened and the A/D converter 90 is avail -
abl.e for co ' _and 4 which are conversions for the position
sanpl es rea frg@mgb@iﬁf 4ES1 and 25 PES2B fields. Between. ,
position sanpl syt 3 1118 cl oses9to re-set the PES capacitor 84 to
the external} vpltage Vm drefl |Hence, the DC null |oop f.l&'hcorrpensat es for
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the buffer 88 and the switch 118, which are inside the 30 DC nul |l 1 oop
110. This increases the track follow ng accuracy of the servo transducer
4. The technique of time nmultiplexing the A/D converter 90 between DC nul |
| oop operation and PES conversions elimnates the need for two separate  A/D .
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24 converters to performthese tasks. This reduces the cost of the servo
position denmpdul ator 22. As described earli capacitor 84
i-s re-set to the external voltage Vm dref, thgpm%m§“tﬂo voltage to
t he voltage-to-current converter 72 is confeg¢ted to the PEP Fapacitor 84

t hrough the analog swtch 86 and the PES$1c pachrNov)Iﬂ%ge rpnps up or 'd‘owq
as shown in Figure 8. The difference betwe the final .
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vol tage on the PES capacitor 84 and the initial voltage 10 S
proportional to the distance of the centre of the servo transducer 14 from
t-he track centre. Figure 13A shows the concept of a total. Vo -
The track I D nunber and the digital value representing tﬂeREMGEMEM SHEET
sanpl es are conbined to 15 define theiradi al position df gie~S&rvo
transducer 14 anywhere on the servo disk 16. The track 104" f448L£S
the track and the PES sanpl es define the nB%N&@ %9
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p;osition within the track. However, a problemcan still arise. As the servo

20 transducer 14 flies over the track on the servo disk [L Wﬂs
t-he track ID field prior to noving over the PES fields. Hen PLAQ‘: ?agﬁ@D
i nformation is decoded earlier in tine than information repd fromthe PES
fieldsl, Since the information read fromlshe PES 25 fields{ i 82 NOW 1996er
intimey; 1t is nore recent and, hence, nore accurate posifipn information
t han t hat
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read fromthe track ID field. Wen the servo transducer 14 is noving
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anplitude of the position signal corresponding to the PESL field. Trace B
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A METHOD OF. AND APPARATUS FOR DETECTING POSITION

ERROR OF A TRANSDUCER

' 4

This invention relates to methods of and apparatus
5 for detecting position errors 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,
the data on the track. The transducef is also capable
10 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

15 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 signal which is decoded

:) by a position demodulator and presented in digital form
20 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 posit;on error.
25 In one type of servo system, one disk surface is
dedicated to contain servo tracks which are encoded with
S servo posxt;on .information. The servo position infor-
mation in the. .servao tracks is condensed to evenly spaced
sectors. A servo transducer flies over the servo
30 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
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of the servo transducer 14 even at high radi al velocities.
accuracy of the total position signal at high radial
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of track identification information and position error
information. The track identification number is pre-
written into each servo sector and serves as coarse
transducer position information. The positica 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 positidn
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 determihédgrelative to the
centre of the track. The position samples are. typlcally
decoded by integrating the analog posxtzon szgnal
provided by the transducer which represents the posxtion

- error information magnetically encoded'oﬂ the disk. The

integrated signal is then converted to a digital signal
representing transducer position- error. .

In the past, the normal field and guadrature
field, as encoded on the magnetic disk, were located
adjacent one another. As the transducer flew over the
normal field and then the quadrature field, the
position samples from the normal and quadrature fields
were decoded. However, radial movement of the trans-
ducer over the magnetic disk resulted in a slanted

. trajectory of the transducer with respect to the

quadrature and normal fields on the magnetic disk. The
slanted trajectory causes non-linearities in the form of
an apparent phase shift in the position samples decocded



correlation pernmits a snoother settling of the servo transducer on a track.
Figure 14A.is an imaginary tracing of digitised final voltage values of the
anal og PES g at the PES capacitor 84 for all radial

posi tions MUSE sflucer 14 across four adjacent tracks in a
servo-on-ddt { System Thes magi nary tracings are called track crossing

pl ots. The {diigi ¢;gl ANGI998 in 2's conplement formand the point at which
the track ‘| ‘ - 3

|

N .

from the quadrature and normal fields. This phase shift resulted in non-linearities in the
integrated position signal. The non-linearities also caused inefficient actuator control.
An example of such a system is disclosed in US Patent Number 4,590,526 which
employs a series of alternating and quadrature fields of equal length the output from
which is averaged to produce usable control information even though the information in
one of the fields may be in error.

Acbording to one aspect of the present invention, there is provided a method of
detecting transducer position error of a transducer in a data storage system, the method
comprising: providing first and second quadrature fields and a normal field on a disk in
the data storage system, the quadrature and normal fields each containing position
information, and the first and sécond quadrature fields being positioned on opposite sides
of the normal field; reading position information from the first quadrature field; reading
position information from the normal field to produce a normal position word; and
reading position information from the second quadrature field; characterised in that the
first and second quadrature fields are each half of the length of the normal field; and
in that the position information from the first quadrature field is combined with the
~) position information from the second quadrature field to produce a total quadrature word

to compensate for a temporal shift in position information read from the normal field
relative to position information read from the first and second quadrature fields caused
by the radial velocity of the transducer over the disk; the total quadrature word and the
normal position word representing the transducer position error.

The method may also comprise combining the normal position word with the total
quadrature word to produce a composite position error sample representing position

€ITOor.



i15 ¥ crossing plot for the PES1 field crosses 00 hex represents the track
.centre. Denodul ation of the PES2A field produces the PES2A tracking pl ot
shown' i n grepmir—a™ [ [4A. Simlarly, denodul ation of the PESI and
PES2B fi el S%B%ﬁﬁwgd%ﬁnc tthe PES1 and PES2B track crossing plots,
respectively.] These three tirgck crossing plots represent all possible ideal
digital input] coeigati9eds |tq the conposite PES generator 92.
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The method may further comprise reading position information from a track identification
field on the disk to produce a track identification word.

Preferably, the method includes combining the track ID word with the composite position
error sample to produce a total position word representing total transducer position.

According to another aspect of the present invention there is provided a data storage disk

with a sector on it, said sector containing position information used to determine position error
of a transducer over the disk in a data storage system, the sector comprising: a normal field for

SRR -generating-a normal position word a.ng'.having a length and a first side and a second side,
the first side being oriented opposite the second side on the disk; a first quadrature field,
having a length and being located on the first side of the normal field; and a second
quadrature field, having a length and being located on the second side of the normal
field, the normal field and the first and second quadrature fields containing position

_information; characterised in that the first and second quadrature fields are haif the
length of the normal field, and are arranged relative to the normal field to compensate
for temporal shifts in position information read from the normal field relative to position
information read from the quadrature fields caused by radial velocity of a transducer
over the disk, the first and second quadrature fields being such that, when they are
combined to produce a total quadrature word, the total quadrature word and the normal
position word represent the transducer position error. | |

According to a further aspect of the present invention, there is provided an
apparatus for detecting transducer position error of a transducer in a data storage system,
characterised by comprising: a storage disk having a sector containing position
information, the sector including a normal field having a length and having a first side
and second side, the first side being oriented opposite the second side on the disk, a first
quadrature field, and a second quadrature field; first reading means for reading position
information from the first quadrature field; second reading means for reading position

information from the normal field to produce a normal position word; and third reading



three track 25 crossing plots condensed
onto a single ﬁ@EMEMFSHEEEre are equal nunber of cycles in the PES2A
field and the r{ correspondi ng track crossing plots

coi nci de. Howeye S|nng%g%l tegration neasurenent tine period for the
PES2A and PES2 EEL nly one half that of the PESl1 field, the
sl ope of the PES2A and PES2B tfatk crossing plots in volts per mcro-inch
(1 mcro-inch 25.4 nmis only ene half tﬂft of the PES1 track crossing

pl ot . s
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means for reading position information from the second quadrature field; characterised in
that the first and second quadrature fields are half the length of the normal field and are
positioned on the first and second sides of the normal field respectively; and in that first
combining means is provided for combining the position information from the first
quadrature field with the position information from the second quadrature field to
produce a total quadrature word, the first combining means combining the position
information to compensate for shifts between the position infofmation from the normal
D and quadrature fields caused by radial velocity of the transducer over the disk, and the
total quadrature word and the normal position word representing the transducer position
error.
The apparatus may include second combining means for éombining the normal
: position word with the total quadrature word to produce a composite position error
sample representing position error.
Additionally or alternatively the apparatus may include fourth mding means for
reading position information from a track identification field on the disk to produce a
track identification word.
._ The appa;'ams may further include second combining means for combining the
) track ID word with the composite position error sample to produce a total position word
representing total transducer position.



The PES2A position sanple is added to the PES2B 27 position sanple to
produce the total PES2 or quadrature sanple. One hardware inplenentation
performthis addition was_discussed with reference to Figure 6. This
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sample representing position error.

Additionally or alternatively the apparatus may
include fourth reading means for reading position
information from a track identification field on the
disk to produce a track identification word.

The apparatus may further include second combining
means for combining the track ID word with the composite
position error sample to produce a total position word
representing total transducer position.

The first combining means preferably includes
adding means for adding the position information from
the first quadrature field to the position information
from the second quadrature field.

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 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
transducer and magnetised areas on the disk:

Figure S 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:;

to



5 " Figure
crossing pl ot
as the PES1 t
pl ot s shown i
PES gener at or
16, only one
changi ng

14A shows that the addition of the PES2A and PES2B track

s produces a new track crossing plot which has the sane sl ope
i plot. The PESI and PES2 track crossing
N Lﬁéﬁ@aggHHggl'n Figure 14A are the inputs to the conposite
9p. However, at| dqnly one radial position along the servo disk
Of | t BB AYG PRt S ijs in a region where the PES anplitude is
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Figure 7 is a timing diagram showing PES capacitor

~voltage during one servo sector;
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Figure 8 is a timing diagram showing the relation-
ship between events in the servo position demodulator of
Figure 6; '

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 9A;

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

Figure 11 is a graph of an analog voltage PES1l
versus track radius of the transducér in one servo
sector; ) -

Figure 12A is a more detailed ﬁlock 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 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
position; .

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

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

Figure 13E shows one implementation of the track
identification correction feature;
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14 is f]yj nG8 Aug gogpdsifte PES 20 generator 92 then creates

sanpl e requiTed—by-t he servo control processor 24.

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 cross;ng
plots;

Figure 15C shows the corrected PES track crossing
pPlots after being compensated for radial velocity of the
transducer; o

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 servo
system shown in Figure 17.

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



The conposite PES generator 92 acconplishes this by inverting the slope or
changing the sign bit of the PES1 25 or PES2 track crossing plots when
necessary, and conbining the |inear portions to create the desired
conposite PES tfa t} shown in graph G3 in Figure 14A. Figures
15A to 15C showhﬁ Iﬁ@ﬁ&ﬁﬁﬂ%%ﬁgﬁ bf the 30 PES2A and PES2B position
sanmpl es helps t¢ ¢onpensate for]hjgh radial velocity of the servo
transducer 14. 08 AUG 1998 :

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
5 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
u> servo position demodulator 22. The servo position
10 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
15 to determine a transducer position error. The trans-
ducer position error represents thée 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.
20 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 a power amplifier
28. Thé position correction signal causes the E-block
25 12 to move the transducers 14, 18 radially with respect
to the disks 16, 17 in order to minimise the transducer
position error.
One disk surface of the servo disk 16 is dedzcated
to contain servo tracks. This surface is shown in
30 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



Sl ant'ed 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 28 crossin ots as shown in Figure 15B. The actual
val ue of the PHSHsppReENHNG2BHERTEl|dS i1s shown by a solid line
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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 infbrmation, 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
10 oppositely magnetised areas are recorded close enough
together so that the position signal generated by the
servo transducer 14 is generally sinusoidal.
Figure 3B shows that one servo sector contains
several distinct fields. The fields include a phase
15 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
20 radius and inner radius of the tracks is indicated. The
:) e direction of the servo transducer velocity and the track
centre of each track is indicated by dashed arrows A, B
and C, respectively. o
As the servo transducer 14 flies over the tracks
25 A, B or C on the servo disk 16, it generates a
generally sinusoidal position signal. The sinusoidal
posifion signal represents the magnetically encoded
information shown in Figure 3B.
Figure 4A illustrates the position signal -
30 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



and t'he ideal value is shown by a dashed line. By adding the PES2A track
crossing plot with the shifted 5 PES2B track crossing plot, a new
track crossing ; ; or med as shown in Figure 15C. The PES2C
track crossing pﬂ%ﬂAﬁ §H riect orientation with respect to the PES
track crossinggplot. By using th s techni que, the conposite PES output is
generated 10 orgseq([jglmg ndependent of the radial velocity of the
servo transducfr 14. VVthout this feature, non-
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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
5 error equal to the radial distance between position 1
and position 3 would exist. Similarly, if transducer 14
were tracking along position S5, a position error equal
to the radial distance between position 3 and position 5
) would exist.
10 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
15 servo disk 16, and each of the transducer positions 1
to S. a
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
20 that, as the servo transducer 14 flies over this
-) region, its output position signal is a constant
N 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
25 this way so that a phase locked oscillator in the servo
position demodulator 22 can synchronise with‘ the output
of the servo transducer 1l4. _
In the track ID field, the track ID number is
encoded as a Gray code where only one bit changes from
30 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 embodiment-
one half the maximum possible amplitude, the dibit is
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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 (PESl, 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 PLQO/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
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 gquadrature 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
normal field but which is radially offset 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’

14. This allows nore efficient actuator

use

ﬂn hydrid servo configurations. A hybrid system



one or nore simlar servo sectors per revolution which are decoded for data
transducer, thermal offset ¢ sation. Since a comon servo sector pattern
is used, throu @M@E“EEHE mul tipl exi ng only:one 25 servo
p03|tion denmodl REPLA 1 The present invention may al so be used-in
servo- on-datal\t servo ;éat where each di sk surface has servo

sectors. In thi custoner data is witten between the wite
protected servols ctors Any

12

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

5 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

10 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
15 operating in parallel, .whose output signals are added
together or integrated to produce.thé total output '
voltage of the position signal from the servo transducer
14. For a first order approximdtion, it is assumed
that the position signal from the servo transducer 14 is
20 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

25 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

Cos (wt).
To express this mathematically, 1let 4 equal the
30 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 4 may be positive (towards the
inner radius) or negative (towards the outer radius).



30 " head actiy. ‘ Iting custoner data is also acting as its
own track f-ol | mu“gLNﬁﬂ@ M This increases track foll ow ng precision
and al | ows hi ghker 5 s{ to be achi eved. Another servo system
configuration i '
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If b equals the width of the servo transducer 14, then
each read element dvy contributes a fraction equal to
dy/b towards the total output voltage provided by the
servo transducer 14. The integral for the PESl1l field as

5 shown in Figure 5 is solved as follows:
ﬂ) + b+ad
- 0
10 vit) = ("Vm) Cos wt ¢ dy + (*vm) Cos wt dy
b b
0
. -b + 4
2
15 = 28 Vm Cos wt 1* ~bsda< +pb- .s. " BEg. 1
. b ' 2 - 2 _
where b = core gap width of transducer 14
Vm = maximum amplitude

20 d off track error

frequency of position signal.

W

The results show that the position signai'of the
servo transducer 14 V(t) has an amplitude which is a

25 linear function of the off track error, Q..'This effect
can be seen visually in Figure 4A where the signal
amplitude in the PESl field is proportional to the
distance of the centre of the servo transducer 14 from

10 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. o

In reality, the amplitude of the position signal



i nvention may be used is one having nultiple independent actuators 200.
This is shown g 4 mul ti ple actuator system contains n
actuators 200 ﬁ&ﬁbﬁﬁh®9§.§ﬁ é% anplifiers 202, the servo sectors under 5
servo transduc r; 204 on adja&eqt actuators are staggered by 1/n of the

di stance betwegn|seyy auEeeddrs. on one disk. The servo sectors for adjacent
actuators nust {ngt overl ap. Thls Is illustrated in Figure 18. In this
type of system| &—mitiprexer 20? conti nuously

R
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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
5 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
D ' overcome this non~linearity. Figure 4A shows the
10 quadrature relationship between the PES2A and the PES2B
fields and the PES1 field. The amblitude 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
15 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 pnsiﬁicn signal
corresponding'to one of the PES fields (PES1l or PES2)
20 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
25 servo position demodulator 22 which decodes position
information represented by the analog position signal
from the servo transducer 1l4. Tﬁe position'signal from
the servo transducer 14 is applied to a filter 32 where
it is filtered to remove high frequency noise. The
30 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
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15

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
a2 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, £lying
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 S0 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 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 Qdibits
as either logic 1 or logic 0 depending on their
amplitude. 1In this embodiment, the cdmparator 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
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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 cohparator/multiplier 70, a
éoltage-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
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 PES1l, PES2A and PES2B. This voltage is applied



the d, e, f and g segnents. The servo track centres are derived alternately
from PES1 and PES L. . 30 For a servo-on-data
system the tran ChmACEMENIséﬂJf-Br' both serving and reading and witing
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th.rc.mgh a buffer 88 to an anaiog&o-digital (A/D) cbnve;'ter 90. The output of the A/D mnveﬁa
90 is proviﬂed 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, together with 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 (1 micro-inch = 25.4 nm) of quantisation.

The PES capacitor -84 is also- selectively connected - -
to a DC null loop 1ll0 comprised of the A/D converter 90,

20 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

25 A/D converter 90.

Operation of the positioning system is described

with reference to Figures 7 and 8. Figure 7 is a
timing diagram which shows the relationship between
logic control signals generated by the progrémmable

30 event generator 56, the analog position signal and the
PES capacitor voltage as the servo transducer 14 moves
over Qne servo sector. Figure 8 is a timing diagram
showing the relationship between various signals related
to the synchronous demodulation of the fine position



30 Slope segnents a and d are re-positioned to extend the linearity of the
b and ¢ segnents. This produces a |inear PES plot across the full track
width. Simlarly, the segnents extend the linearity of the f and g
5 seg pLACHIENT geKETantre is al ways derived fromthe PES1 position
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information in the servo position demodulator 22 as the
servo transducer l4 moves along one servo sector.

As the servo transducer 14 passes over the AGC/PLO
synch field in the servo sector, the programmable event

5 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

10 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'GG. When the PLO loop 66 is closed,
the voltage control oscillator 80 locks onto the phase

15 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

20 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

25 constant. .

Next, the servo transducer 14 passes over the
track ID field in the servo sector. The serial digital
track ID bits are formed by the comparator S0 and
shifted into the shift register S54. The Gray code track

30 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



of quantisation than the A/D converter 90 used in the servo position
denodul at or- 22. 10 In the present invention, the quadrature
field is split mtedgkefee t he quadrature field Iies on one side of
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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

5 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

10 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

15 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

20 the centre of the servo transducer 14 and the centre of
track B. The polarity of the DC component of the signal
indicates the direction of the offset . Hence, when
the current provided by the voltage-td—current converter
72 is applied to the PES capacitor 84, the current is

25 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
126 in Figure 8.

Figure 10 illustrates the general case where n

30 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:



non-linearities in the conposite PES output due to the slanted trajectory
of the transducer 14 as it noves radially with respect to the disk 16. In

essence, by 20 ' ni que, the conposite PES output is
gener at ed correcf | BERLAG EMUSHEEDT t he radi al vel ocity of the transducer

14. Thus, the acgugror-can be coptyolled nore efficiently during track seek
operations. 25 ‘noe AUG1998
20
n cycles 1 cycle +m/2
Vpes = 1 i(t)dt = i(t)dt = n i(e)ge
c c c w
5 +nt/2 -nt/2
= 1 2d Vm gm Cos @ L dé = pn ¢ 2 * 2Vmgm * 4
c b ' w c b w
-n/2 :
) cee Eq. 2
10
where
n = # cycles measured
. b = width of transducer 14
€ = capacitance of PES capacitor 84
15 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
20

capacitor 84 is directly proportional to the off track
) -error, ‘@, ~sincé n, ¢, b, Vm, gm and w are all
constants. The relationship between the £inal analog
voltage on the PES capacitor 84 corresporiding to the
PES1l field and the off track error, d, is graphically

25 illustrated in Figure 1l. The voltage ramps for five
radial positions in one servo sector are.shoﬁn as they
relate to off track error, 4.
The final voltage'on the PES capacitor 84 is also
30 proportional to the number, n, of cycles integrated. In

the PES1l 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
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(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 PESL
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
£ull PES2 position sample. The number of cycles, n,
choseri 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 1l4.
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 PES1l 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 reset , 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
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



(PES1) on a disk (16) in the data storage system (10), the quadrature and
normal, fields each containing DOSLﬂiOH information, and the first and

second quadr at ur ~E%Lﬂ§mmghng;positioned on opposite si.des of the nornal
field (PES 1); rep posi-tion inflormation fromthe first quadrature field
(PES2A); reading pokition informatijfon fromthe normal field (PES 1) to
produce a normal pobi QHMULIHS readi ng position information fromthe
second quadraturejfield (PES2B); fhpracterised in that the first. (PES2A)
and second (PES2B} quadrature fieldp are each half of the |l ength of the
normal field (PESY,; and 232

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
5 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.

10 Because DC voltage off-sets in the buffer 88 and
the analog switch 118 would create an offset error in

the final digital composite PES signal, the DC null
loop 110 is provided. Figure l2A shaws the DC null locop
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 genefator 56 closes
analog switch L3 connecting PES capacitor 84 to the

20 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-, 1S 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
resistor ladder condensed into two resistors, act as a
30 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

15
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in that the position information fromthe first quadrature field (PES2A) is
conbi ned wi th the_poasitier+afonmati on fromthe second quadrature field
(PES2B) to proflugepiaCEMENT “4uatriat ure word to conpensate for a tenporal
shift in posit OT—+ﬁ+ﬂrnHrion' epd fromthe nornmal field (PESl1l) relative to
position infor ij? O@ﬁg ?q the first and second quadrature fields
caused by the i 448 é %; f{the transducer (14) over the disk (16);
the total quadnat he normal position word representing the
transducer posiftion error. 2. The nethod of claim1 characterised by
conpri si ng conledrg—ttre—Trormal position word with the total quadrature
word to produce a conposite position err

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

S 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 1ll14. The output of the

10 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

15 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 wvalue 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

20 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, PESL and

25 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 offsets in
the buffer 88 and the switch 118, which are inside the

30 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
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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 l3A 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. wﬁen the servo transducer
14 is moving radially, it has a slanted trajectory
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 sexrvo
sector from the PES field of the next track. This will
result in an occasional mismatch between the track
boundary defined by the track identification information



total transducer position. 5. A data storage disk with a sector on it,
sai d sector- containing position information used to determ ne position
error of atr . the disk (16) in a data storage system
(10), the sectjor fs‘anQHEH formal field (PESI) for generating a nornal
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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.

5 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
10 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.
15 _ Trace A represents-thé 2's complement form of the
amplitude of the position signal corresponding to the
PESl 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
20 Figure 13C defines the conditions where the track ID
D) 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
25 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
correction word to the track ID could also be accompli-
30 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



‘a second quadrature field (R aving a length and being | ocated on the
second side of th ﬁqq#;ﬁmehﬂmﬁPE 1), the normal field (PES1) and the
first and second ggr Lupe~f1e+ PES2A, PES2B) contai ning position
information; chardactierised i $ he first (PES2A) and second (PES2B)
guadr ature fields,are a A ?h@ h of the normal field (PESl), and are
arranged relatlve!}o the nor eId (PES 1) to conpensate for tenpora
shifts in positiofinformation read |{fromthe normal field (PES1) relative

to position infornation read-fronrthe quggrature fields (PES2A, PES2B)
caused by radial velocity of a transducer (14) over the disk (16), the
first (PES2A) and second (PES2B) quadrature fields being such that, when

they are corgddfdl 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,

S 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

10 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 wvalues are in
2's complement f£form and the point at which the track

15 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 Gl of Figure 14A.
Similarly, demodulation of the PES1 and PES2B fields

20 produces the PES1l and PES2B track crossing plots,
respectively. These three track crossing plots represent
all possible ideal digital input combinations to the
composite PES generator 92. S

Graph Gl in Figure 14A shows the three track

25 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
measurement time period for the PES2A and PES2B fields

30 is only one half that of the PES1l field, the slope of
the PES2A and PES2B track crossing plots in volts per

micro-inch (1 micro-inch = 25.4 nm).is only one half that of the PES1 track crossing plot.

The PES2A position sample is added to the PES2B



to produce a total quadrature word, the total quadrature word and the

nor mal. posi-ti on word represent the transducer position error. 6. An
apparatus for detecting transducer position error of a transducer (14) in a
data storage system (10), characterised by conprising: a storage disk (16)
havi ng a sector cantaini-Rg-—pest i nformati on, the sector including a
normal field (PE :mENum&MﬂWaSHaﬁbth and having a first side and second

si de,
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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
5 Figure l14A 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 PES1l track crossing
f) plot.
The PES1l and PES2 track crossing plots shown in -
10 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 is changing
linearly with transducer position. There are eight
15 distinct regions labelled a to h which repeat across the
track. By monitoring the amplitude and polarity of the
PESl 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
_ 20 generator 92 then creates a composite position error
.) sample:output which is the standardised form of position
error sample required by the servo control processor 24.
The composite PES generator 92 accomplishes this by
inverting the slope or changing the sign bit of the PESl
25 or PES2 track crossing plots when necessary, - and
combining the linear portidns to create the desired
composite PES track crossing plot shown in graph G3 in
Figure 1l4A.
Figures 15A to 15C show how the addition of the
30 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
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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

5 PES2B
PES2C,
track

track crossing plot, a new track crossing plot,
is formed as shown in Figure 15C. The PES2C
crossing plot has the correct orientation with

respect to the PES1l track crossing plot. By using this
technique, the composite PES output is geﬂerated
10 correctly, independent of the radial velocity. of the

sServo

transducer 14. Without this feature, non-

linearities in the composite PES output would occur due
to the slanted trajectory of the servo transducer 1l4.
This allows more efficient actuator control during track

15 seek operations.

sSarvo

This invention is not limited for use in dedicated
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

20 containing servo sectors and other disks which contaia

one or more similar servo sectors per revolution which
are decoded for data transducer thermal offset .
compensation. Since a common servo sector pattern is

used,
25 sServo

through the use of time multiplexing only one
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

written between the write protected servo sectors. Any
30 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



field (PES2B); characterised in that the first (PES2A) and second ( PES2B)
quadrature fields are half the length of the normal field (PES 1) and are
positioned on the first and secgnd sides of the nornal fhehdf(PESl%b
respectively; an§THql i olbi ni ng nmeans is provided for conbining
thepposi ti o% i nf ?H@W&Iﬁm Irst quadrature field (PES2A) with the
position informatlidn fromthe se¢ohd quadrature field (PES2B) to produce a
total quadrature lwdr dD 8t AdGFO9&t {cdrbi ni ng neans conbi ni ng the position
information to ¢ ensate for_shilft{s between the position information from
the normal and qupdrature tields cdused by radial velocity of the
transducer (14) oyer _the disk and t gy total _

invention may be used is one having multiple independent
actuators 200. This is shown in Figure 17. 1If a

corresponding amplifiers 202, the servo sectors under

multiple actuator system contains n actuators 200 and

5 servo transducers 204 on adjacent actuators are
staggered by l1/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

10 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

15 several actuators 200 (again through the use of time
mﬁltiplexing).

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
_ 20 a dedicated servo system is shown in Figures 16A to l6C.
:) 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

25 servo transducer l4. 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, ¢, £ and g segments. The servo track centres are
derived alternately from PES1 and PES2 position samples.

30 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.



‘quadrature word and the normal position word reéepresenting the transducer
position error. 7. The apparatus of claim®6 characterised by conprising
second conbi ning nmeans for conbjning the normal position word with the
total quadrature fonposite position error sanple
representing t r angdBERN or. 8. The apparatus of claim?7
characterised by dorfprising fourth Readi ng nmeans for reading position

i nformation from & tyaglg AUENHBI datli on field on the disk to produce a
track 1D word.

30

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,
the ¢ and h segments extend the linearity of the £ and g

5 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

j> . Servo poesition demodulator 22. '

10 In the present invention, the quadrature field is
split in half. Half of the quadrature field lies on one
side of the normal field and half lies on the opposite
side of the normal field. By adding the information
from the PES2A and PES2B fields, the total quadrature

15 crossing plot is correctly oriented with respect to the’

' normal track crossing plot. This téchnique eliminates
non-linearities in the composite PES output due to the
slanted trajectory of the transducer 14 as it moves
radially with respect to the disk 16. In essence, by

20 using this technique, the composite PES output is

-) ' - generated correctly independent of the radial velocity
of the transducer 14. Thus, the actuator can be
controlled more efficiently during track seek

operations.
25

30
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1. A method of detecting transducer position error of a transducer (14) in a data
storage system (10), the method comprising:

providing first (PES2A) and second (PES2B) quadrature fields and a normal field
(PES1) on a disk (16) in the data storage system (10), the quadrature and normal fields
each containing position information, and the first and second quadrature fields being

) positioned on opposite sides of the normal field (PES1);

reading position information from the first quadrature field (PES2A);

reading position information from the normal field (PES1) to produce a normal
position word; and

reading position information from the second quadrature field (PES2B);

characterised in that the first. (PES2A) and second (PES2B) quadrature fields are
each half of the length of the normal field (PES1); and

in that the position information from the first quadrature field (PES2A) is
combined with the position informaﬁon from the second quadrature field (PES2B) to
produce a total quadrature word to éompensate for a temporal shift in position

J information read from the normal field (PES1) relative to position information read from

the first and second quadrature fields caused by the radial velocity of the transducer (14)
over the disk (16); the total quadrature word and the normal position word representing

the transducer position error.

2. The method of claim 1 characterised by comprising combining the normal
position word with the total quadrature word to produce a composite position error
sample representing transducer position error. |

3. The method of claim 1 or 2 characterised by comprising reading position

information from a track identification field on the disk to produce a track ID word.
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4. The method of claim 3 characterised by comprising-combining the track ID word
with the composite position error sample to produce a total position word representing
total transducer position.

5. A data storage disk with a sector on it, said sector containing position information

used to determine position error of a transducer (14) over the disk (16) in a data storage

systeni (10), the sector comprising :

2 normal field (PES1) for generating a normal positiort'w;d and having 2 length =~

and a first side and a second side, the first side being oriented opposite the second side
on the disk;

a first quadrature field (PES2A), having a length and being located on the first
side of the normal field; and

a second quadrature field (PES2B), having a length and being located on the
second side of the normal field (PES1), the normal field (PES1) and the first and second
quadrature fields (PES2A, PES2B) containing position information;

characterised in that the first (PES2A) and second (PES2B) quadrature fields are
half the length of the normal field (PES1), and are arranged relative to the normal field
(PES1) to compensate for temporal shifts in position information read from the normal
field (PES1) relative to position information read from the quadrature fields (PES2A,
PES2B) caused by radial velocity of a transducer (14) over the disk (16), the first
(PES2A) and second (PES2B) quadrature fields being such that, when they are combined |
to produce a total quadréture word, the total quadrature word and the normal position

word répment the transducer position error.

6.  An apparatus for detecting transducer position error of a transducer (14) in a data
storage system (10), characterised by comprising:
a storage disk (16) having a sector containing position information, the sector

including a normal field (PES1) having a length and having a first side and second side,
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the first side being oriented opposite the second side on the disk (16), a first quadrature
field (PES2A), and a second quadrature field (PES2B);

first reading means for reading ﬂposition information from the first quadrature
field (PES2A);

second reading means for reading position information from the normal field
(PES1) to produce a normal position word; and

third reading means for reading position information from the second quadrature
field (PES2B);

characterised in that the first (PES2A) and second (PES2B) quadrature fields are
half the length of the normal field (PES1) and are positioned on the first and second
sides of the normal field (PES1) respectively; and in that first combining means is
provided for combining the position information from the first quadrature field (PES2A)
with the position information from the second quadrature field (PES2B) to produce a
total quadrature word, the first combining means combining the position information to
compensate for shifts between the position information from the normal and quadrature
fields caused by radial velocity of the transducer (14) over the disk (16), and the total

quadrature word and the normal position word representing the transducer position error.

7. The apparatus of claim 6 characterised by comprising second combining means
for combining the normal position word with the total quadrature word to produce a

composite position error sémple representixig transducer position error.

8. The apparatus of claim 7 characterised by comprising fourth reading means for
reading position information from a track identification field on the disk to produce a
track ID word.
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9 The apparatus of claim 8 characterised by comprising third combining means for
combining the track ID word with the composite position error sample to produce a total

position word representing total transducer position.
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ABSTRACT

A METHOD OF AND APPARATUS FOR DETECTING
POSITION ERROR OF A TRANSDUCER

A method of detecting position error of a trans-
ducer (1l4) in a data storage syStem {10), compfises:
reading position information from a first quadrature
field (PES2A) on a disk (16) in the data storage system
(10); reading position information from a normal field
(PES1) on the disk (16) to produce a normal position
word, the first quadrature field (PES2A) being located
on a first side of the normal field (PES1l); reading
position information from a second quadrature field

' (PES2B), the second quadrature field being located on a

second side of the normal field (PESl), the second side
being opposite the first side; and combiniﬂg the
position information from the first quadrature field
(PES2A) with the pos;tlon lnformatlon from the second
quadrature field (PESZB) to produce a total quadrature
word, the total auadrature word and the normal position

word representing - the p051tlon error.

Figures 6A and 65



