
1 METHOD OF AND APPARATUS FOR DETERMINING THE POSITION OF A TRANSDUCER This
invention relates to methods of and apparatus for determining the position
of transducers. Disk file data storage systems contain one or more magnetic
disks on which data is stored in concentric tracks. A transducer writes, or
magnetically encodes, 



the data on the track. The transducer is also capable of reading the
magnetically encoded data from the tracks. An electromechanical actuator
operates within a negative feed back, closed loop servo system. The
actuator moves the transducer radially for track seek operations and holds
the transducer directly over a track for track following operations. 



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



In one type of servo system, one disk surface is dedicated to contain servo
tracks which are encoded with servo position information. The servo
position infor- mation in the servo tracks is condensed to evenly spaced
sectors. A servo transducer flies over the servo sectors as the disk
rotates and produces a sampling effect. The actual-position transducer
information is up-dated at the end of each servo sector through the use 



of track identification information and position error    2 information.
The track identification number is pre- written into each servo sector and
serves as coarse transducer position information. The position error 



information is written in the servo sector and represents the distance that
the servo transducer is located from the centre of the track.   This
position error information serves as fine transducer position information.
The position error information is generally written in two fields. One is
referred to as a quadrature field and the second is called a normal 



field. Position error information obtained from the normal field or the
quadrature field is called a normal or quadrature position sample. By
decoding the position samples obtained from these two fields, the off track
position of the transducer is determined relative to the centre of the
track. The position samples are typically decoded by integrating the analog
position signal provided by the transducer which represents the position 



error information magnetically encoded on the disk. The integrated signal
is then converted to a digital signal representing transducer position
error. In these servo systems, during certain operations, the transducer
moves radially with respect to the magnetic disk. Typically, as the
transducer flies over a track on the magnetic disk,  it moves over a field
containing the track identification number before it 



moves over the quadrature and normal fields which contain position error
information. When the transducer is moving radially from track to track
across the magnetic disk, it has a slanted trajectory over the servo
sector. Therefore, it may enter the servo sector in the field containing
track identification infor- mation of one track but cross a boundary
between tracks  



3 and exist the servo sector from the quadrature or normal field of the
next track. This results in a mis-match between the track boundary defined
by the track identification information and that defined by the quadrature
and normal fields. A method and system according to the preamble of claims
1 & 4 respectively is known from US-A-4 590 526. 



According to one aspect of the present invention, there is provided a
method of determining the position of a transducer relative to a disk in a
data storage system, comprising the steps of reading track identification
information from a disk in the data storage system to provide a coarse
position signal identifying a track over which the transducer is
positioned; and reading position error samples from a disk in the data
storage system to provide a fine position signal representing transducer
position error within a track over which the transducer is positioned;
characterised in that the track identification information is read before
the position error samples are read, and in that 



the fine position signal is analysed to determine whether the track over
which the transducer is positioned has changed since the transducer read
the track identification information. The analysing step may comprise
determining a first sign bit corresponding to a first position error
sample, determining a second sign bit corresponding to a second position
error sample, determining a least significant bit of the track
identification information and determining whether the transducer has moved
between tracks based on the first sign bit, the second sign bit and the
least significant bit of the track 



identification information. The analysing step may comprise determining a
correction number to be added to the coarse position signal, the correction
number having a value based on the value of the first sign bit, the second
sign bit and the least significant bit of the track identification
information, and in that the method includes combining the coarse position
signal with the correction number to reflect the proper track
identification information. According to another aspect of the present
invention, there is provided apparatus for determining transducer position
relative to the disk, said apparatus comprising track 



4 reading means for reading track identification information from a disk in
the data storage system to provide a coarse position signal identifying a
track over which the transducer is positioned; position error reading means
for reading position error samples from a disk in the data storage system
to provide a fine position signal representing transducer 



position error within a track over which the transducer is positioned;
characterised in that the track reading means is arranged to read said
track identification information before said position error reading means
reads said position error samples; and in that analysing means are provided
for analysing said fine position signal to determine whether the track over
which the transducer is positioned has changed since the transducer read
the track identification information. The analysing means may comprise
first sign bit detection means for detecting a first sign bit corresponding
to a first position error sample, second sign bit detection 



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



information, and second combination means for combining the correction
number which the coarse position signal to reflect the proper track
identification information. The invention is illustrated, merely by way of
example, is the accompanying drawings, in which:- Figure 1 is a block
diagram of one embodiment of a demodulating system according to the present
invention; Figure 2 is a view of a disk surface used in a sectored servo
system;  



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;



[err] 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; Figure 7 is a timing diagram showing PES capacitor voltage
during one servo sector; Figure 8 is a timing diagram showing the relation-
ship betweeq 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 the off
track error of the transducer; Figure 11 is a graph of an analog voltage
PES1 versus track radius of the transducer in one servo sector; Figure 12A
is a more detailed block diagram of a DC null loop; Figure 12B is a timing
diagram showing the 



relationship between key signals in the DC null loop of Figure 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  



7 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; 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 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 17.    



8 Figure 1 is a block diagram of a negative feed back transducer
positioning system 8 according to the present invention. A stack of
magnetically encodable disks is shown generally at 10. An electromechanical
actuator (or E-block) 12 is used to position a servo transducer 14 and a
plurality of data transducers 18 radially with respect to a servo disk 16
and data disks 



17, respectively.  The servo transducer is positioned over a desired track
on the servo disk 16 where it is held while the data transducers 18,  which
are also connected to the E-block 12, perform read or write operations. The
servo transducer 14 reads position information from servo disk 16 and
provides position signals to a pre-amplifier 20 where it is amplified and
provided to a 



servo position demodulator 22. The servo position demodulator 22 decodes
the position information and presents it, in digital form, to a servo
control processor 24.  The servo control processor 24 compares the decoded
position signal received from the servo position demodulator 22 with a
desired position signal to determine a transducer position error. The
trans- ducer position error represents the difference between 



the actual position of the transducer 14, indicated by the decoded position
signal, and the desired position indicated by a desired position signal.
The servo control processor 24 then generates a position correction signal
which is 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 the transducer position error.    9 One disk surface
of the servo disk 16 is dedicated 



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



is up-dated at the end of each servo sector. Figure 3A is an enlarged
portion of one servo sector on the servo disk 16. Figure 3B shows.the
format of servo information   represented by black and white bars,  in one
servo sector on the servo disk 16.  The black and white bars represent
oppositely magnetised areas on a surface coating of the servo disk 16.
The oppositely magnetised areas are recorded close enough 



together so that the position signal generated by the servo transducer 14
is generally 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    10 information shown
in Figure 3B. Figure 4A illustrates the position signal generated by the
servo transducer 14 as a function of 



five radial transducer positions along a single track (for example track B)
on the servo disk 16 where position 3 represents the centre of the track.
Positions 1 and 5 represent off centre positions where the centre of the
servo transducer 14 is radially aligned with, and flying over the outer
radius or inner radius of track B, respectively. If the servo trans- ducer
14 were tracking along position 1, a position 



error equal to the radial distance between position 1 and position 3 would
exist. Similarly, if transducer 14 were tracking along position 5, a
position error equal to the radial distance between position 3 and position
5 would exist. Positions 2 and 4 also represent off centre positions.
However, the off centre position error is not as large as the error
associated with positions 1 



and 5. Figure 4B shows the spatial relationship between the servo
transducer 14, the magnetised areas of the servo disk 16,  and each of the
transducer positions 1 to 5. The information encoded in the PLO/AGC synch
field is identical in phase and frequency from track to track along the
servo disk 16. Therefore, Figure 4A shows that, as the servo transducer 14
flies over this 



region, its output position signal is a constant frequency, independent of
the particular track over which it is flying and independent of radial
position on the track. The information in this field is encoded in this way
so that a phase locked oscillator in the servo position demodulator 22 can
synchronise with the output of the servo transducer 14.  



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



one half the maximum possible amplitude, the dibit is decoded as a logic 1
in the servo position demodulator 22. Otherwise, it is decoded as a logic
0. Therefore, n bit cells define 2  servo tracks on the disk. In the PES
fields (PES1, PES2A and PES2B) the magnetic information encoded on adjacent
tracks is recorded [err] out of phase.  This produces a chequer- board
pattern of magnetisation. The magnetic 



information in the PES fields is also recorded plus or minus [err] 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 opposite side of the normal field. The quadrature field
is encoded with a magnetisation pattern which is identical to that of the
12 



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



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



is shown theoretically in Figure 5. The servo transducer 14 is moving
relative to the servo disk 16 in the direction indicated by arrow 30. The
servo transducer 14 may be regarded as being composed of a set of read
elements of differential width operating in parallel, whose output signals
are added together or integrated to produce the total output voltage of the
position signal from the servo transducer 



14.   For a first order approximation,  it is assumed that the position
signal from the servo transducer 14 is sinusoidal. Any fringing field
effect is neglected. Since the magnetic pattern in the servo sector was
originally written [err] out of phase for adjacent tracks, the signal
produced by a differential read element,  dy,  will be defined as either
plus or minus Vm Cos (wt).  The total output voltage from the servo 



transducer 14 depends on how many differential read elements produce +Vm
Cos (wt) and how many produce -Vm    13 Cos (wt). To express this
mathematically, let d equal the 



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



servo transducer 14.  The integral for the PES1 field as shown in Figure 5
is solved as follows: [err] 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    14 amplitude in the PES1 field is proportional to the 



distance of the centre of the servo transducer 14 from the track centre,
radial position 3. Also the polarity of the position signal generated by
the servo transducer 14 which corresponds to the PES1 field indicates the
direction of the off track error, d. In reality, the amplitude of the
position signal of the servo transducer 14 does not change linearly across
the full track width. It becomes non-linear at 



some point near the outside twenty five percent of the track, depending on
the physical dimensions of the servo transducer 14 and its relationship to
the dimensions of the written magnetised pattern. However, the presence of
the quadrature field (PES2) allows the servo position demodulator 22 to
overcome this non-linearity. Figure 4A shows the quadrature relationship
between the PES2A and the PES2B 



fields and the PES1 field.   The amplitude of the position signal provided
by the servo transducer 14 in the PES2 field is at a maximum, and therefore
in a non- linear region when the amplitude in the PES1 field is at a
minimum (and therefore in a linear region), and vice versa. Hence, either
the quadrature or the normal field is always in a linear region and there
is always a linear relationship between the position signal 



corresponding to one of the PES fields (PES1 or PES2) and the distance
between the centre of the servo transducer 14 and the track centre (the off
track error) no matter where the servo transducer 14 is positioned across
the radial width of a track on the servo disk 16. Figure 6 is a more
detailed block diagram of the servo position demodulator 22 which decodes
position information represented by the analog position signal 



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



control (AGC) loop 34 (Figure 6B). The AGC loop 34 is comprised of a
voltage controlled amplifier 36, an analog multiplier 38, a
voltage-to-current converter 40 and a current summing junction 42. An
analog switch 44 and a capacitor 46 allow the AGC loop 34 to be configured
in an acquire mode or a hold mode (explained later). An overall reference
for the automatic gain    - 



controlled amplitude is provided through a filter 48 by a micro-processor
(not shown). The overall reference determines the final position gain in
volts per micro- inch. The AGC loop 34 is initially calibrated by the
micro-processor and compensates for changes in input signal amplitude due
to changes in track radius, flying height and other media properties. 



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



of a servo sector and enables a programmable event generator (PEG) 56. The
programmable event generator 56 produces timing and window logic signals
required for position demodulation in the servo position demodulator 22.
Next, the comparator 50 decodes track ID dibits as either logic 1 or logic
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 



combinational logic 58. The binary track ID word is latched in a latch 60
and provided to track ID correction logic 62 which will be explained in
more detail later. The output of the correction logic 62 is a track
identification signal or absolute position signal which identifies the
particular track over which the servo transducer 14 is flying. The shift
register 54 is also used to provide 



index information to an index pattern detector 64 which is not important to
an understanding of the present invention and so will not be discussed
further. The AGC'd analog signal from the AGC loop 34 is also transmitted
to a phase locked oscillator loop (PLO loop) 66 (Figure 6A).   The PLO loop
66 comprises an analog switch 68, a phase comparator/multiplier 70, a
voltage-to-current conververter (charge pump) 72, which 



includes a balance circuit 74 for balancing the voltage- to-current
converter 72 once per servo sector so that there is zero current output for
zero voltage input, an analog switch 76, a filter 78, a voltage controlled
oscillator 80 and a clock generator 82.   The PLO loop 66 locks onto the
phase and frequency of the AGC'd analog signal provided by the AGC loop 34.
Then, the analog switch 76 is opened allowing the PLO loop 66 to 



open. The signal provided to the voltage controlled oscillator 80 is then
held constant. Hence, a constant frequency results at the output of the
voltage controlled oscillator 80.   Therefore,  the frequency of    17 



a digital feed back signal 120 from the clock generator 82 is also
constant. The output of voltage to the voltage-to-current converter 72 is
also provided to a PES capacitor 84 through an analog switch 86. Voltage is
integrated on the capacitor 84 during synchronous demodulation of PES
fields PES1, PES2A and PES2B. This voltage is applied through a buffer 88
to an analog-to-digital (A/D) 



converter 90. The output of the A/D converter 90 is provided to a composite
PES generator logic 92.   The composite PES generator logic 92 comprises
latches 94, 96, a digital adder 98, multiplexers 100 and 102, multiplexer
control logic 104, a switchable inverter 106 and inverter control logic
108.   The output of the composite PES generator logic 92 is a composite
PES word or fine position off track error which represents the 



distance that the servo transducer 14 is tracking from the track centre.
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    18 timing diagram which shows the relationship
between logic control signals generated by the programmable 



event generator 56, the analog position signal and the PES capacitor
voltage as the servo transducer 14 moves over one servo sector. Figure 8 is
a timing diagram showing the relationship between various signals related
to the synchronous demodulation of the fine position information in the
servo position demodulator 22 as the servo transducer 14 moves along one
servo sector. As the servo transducer 14 passes over the AGC/PLO 



synch field in the servo sector,  the programmable event generator 56
closes the switch 44 to close the AGC loop 34.   The AGC loop 34 acquires
the proper gain so that the amplitude of the analog position signal is
compensated for amplitude changes caused by changes in track radius,
transducer flying height, and other media properties. Also, as the servo
transducer 14 flies over the AGC/PLO synch field, the programmable 



event generator 56 closes the analog switches 68, 76 to close the PLO loop
66. When the PLO loop 66 is closed, the voltage control oscillator 80 locks
onto the phase and frequency of the AGC'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 [err] phase shift from the AGC'd analog signal provided by the AGC
loop 34. After the servo transducer 14 has passed over the 



PLO/AGC synch field, the analog switches 44, 76 are opened and both the AGC
loop 34 and the PLO loop 66 enter a hold mode. While in the hold mode the
amplifi- cation in the AGC loop 34 and the phase and frequency of the feed
back signal 120 in the PLO loop 66 remain constant. Next,  the servo
transducer 14 passes over the track ID field in the servo sector. The
serial digital 



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



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



information in the PES fields, and since the feed back signal 120 is held
with a [err] phase shift, the multi- plication performed at the phase
comparator/multiplier 70 produces a full wave rectification of the analog
position signal. This is shown by plot C in Figure 8. Figure 9A illustrates
the output of the phase comparator/multiplier 70 for the five radial
positions of the servo transducer 14 which were described earlier 



with reference to Figure 4A. Also, Figure 9B shows the spatial relationship
between the centre of the servo transducer 14 and the centre of track B in
radial transducer positions 1 to 5. In the PES fields, the amplitude of
output signal of the phase comparator/ multiplier 70 is proportional to the
distance between the centre of the servo transducer 14 and the centre of
track B. The polarity of the DC component 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 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   



20 126 in Figure 8. Figure 10 illustrates the general case where n cycles
of current are integrated to produce the analog voltage on the PES
capacitor 84 corresponding to one PES field.  The integral is solved as
follows: [err] 



where n  =  #   cycles measured b  = width of transducer 14 c  =
capacitance of PES capacitor 84 Vm = maximum AGC'd amplitude gm = gain
through charge pump 72 w  =  frequency of position signal. The result shows
that the final voltage on the PES 



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



21 The final voltage on the PES capacitor 84 is also proportional to the
number, n, of cycles integrated. In the PES1 field, n cycles are integrated
and the A/D converter 90 converts the analog voltage on the PES 



capacitor 84 into a digital signal which is latched in the latch 94. For
the PES2 fields, first n/2 cycles (for the PES2A field) are integrated and
the A/D converter 90 converts the value to a digital signal which is
latched in the latch 96. Then, after the PES1 field is integrated, another
n/2 cycles (for the PES2B field) are integrated and another A/D conversion
is made by the A/D converter 90. The resulting digital signal 



is provided to the adder 98 where the digital signal representing the PES2A
field is added to it to produce a full PES2 position sample. The number of
cycles, n, chosen should be high enough to achieve the averaging of
possible media defects over several cycles. However, it must not be so high
as to produce an overly long servo sector since the length of the servo
sector limits the maximum radial velocity of the servo transducer 14. 



The final voltage on the PES capacitor 84 is also proportional to the
capacitance of the PES capacitor 84. Note that the same PES capacitor 84 is
used to produce the analog PES voltage for both the PES1 and PES2 position
samples. After the A/D conversion of the final ramp voltage of a PES
measurement, the digital result is latched so the analog voltage on the PES
capacitor 84 can be re-set, and the same PES capacitor 84 can be re- 



used for the next PES measurement. This eliminates the possibility of
position error due to capacitance mis- 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   



22 which the servo transducer 14 follows the track. Accordingly, only a
single A/D converter 90 is required to convert the analog PES voltages to
digital signals. This lowers the overall cost of the servo position
demodulator 22. Also, the A/D conversion made by the A/D converter 90 is
made early in the processing 



chain in the servo position demodulator 22. The addition of the PES2A and
PES2B position samples and the formation of the composite PES signal all
take place in the digital domain. This minimises the amount of analog
circuitry and associated errors such as off-set errors, gain errors,
linearity errors and variation with temperature. Additionally, all of the
digital circuits can be fabricated into one compact integrated circuit to 



save space. Because DC voltage off-sets in the buffer 88 and the analog
switch 118 would create an off-set error in the final digital composite PES
signal, the DC null loop 110 is provided. Figure 12A shows the DC null loop
110 in greater detail and Figure 12B is a timing diagram showing the
relationship between signals occurring in the DC null loop 110. As the
servo transducer 14 passes 



over each servo sector, and before it reaches the PES fields,  the
programmable event generator 56 closes analog switch L3 connecting PES
capacitor 84 to the output voltage of integrator 114. Next, programmable
event generator 56 generates a signal on an output L7 causing the A/D
converter 90 to perform a first A/D conversion. The A/D converter 90
comprises a resistor ladder connected between reference 



voltages VREF+ and VREF-,  15 comparators including a most significant bit
comparator 130, and a logic decode 132 which decodes a most significant bit
of the A/D converter 90. Resistors R1 and R2 which represent the    23 



resistor ladder condensed into two resistors, act as a voltage divider
creating an internal voltage mid-point Vmidref at a node 129. After the
first A/D conversion, the most signifi- cant bit of the A/D converter 90 is
decoded and latched into the one-bit latch 112. The value of the latched
most significant bit depends on whether signal Vin is greater or less than
the internal voltage Vmidref at the 



node 129.   During initial calibration of the servo position demodulator
22, the gain in the AGC loop 34 is set so that the A/D converter 90 full
digital scale corresponds to one half of a servo track. The internal
voltage Vmidref corresponds to the track centre or zero position error. The
latched, most significant bit is applied to the integrator 114. The output
of the integrator 114,  an external voltage Vmidref at a node 



134, is driven towards the value of the internal voltage Vmidref. The gain
through the integrator 114 is chosen so that the external voltage Vmidref
just crosses the internal voltage Vmidref before the next servo sector.
This is shown in Figure 12B. The peak to peak limits of the external
voltage Vmidref must be kept much lower than the analog value of a least
significant bit of the A/D converter 90. This keeps the initial voltage 



on the PES capacitor 84 as close as possible to the exact centre of the
digital scale. After the first A/D conversion is completed, the switch 118
is opened and the A/D converter 90 is avail- able for conversions 2, 3 and
4 which are conversions for the position samples read from the PES2A, 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    24 the buffer 88 and the switch 118, which are
inside the DC null loop 110. This increases the track following 



accuracy of the servo transducer 14. The technique of time multiplexing the
A/D converter 90 between DC null loop operation and PES conversions
eliminates the need for two separate A/D converters to perform these tasks.
This reduces the cost of the servo position demodulator 22. As described
earlier,  after the PES capacitor 84 is re-set to the external voltage
Vmidref,  the output 



of voltage to the voltage-to-current converter 72 is connected to the PES
capacitor 84 through the analog switch 86 and the PES capacitor voltage
ramps up or down as shown in Figure 8. The difference between the final
voltage on the PES capacitor 84 and the initial voltage is proportional to
the distance of the centre of the servo transducer 14 from the track
centre. Figure 13A shows the concept of a total position 



word. The track ID number and the digital value representing the PES field
samples are combined to define the radial position of the servo transducer
14 anywhere on the servo disk 16. The track ID number defines the track and
the PES samples define the position within the track. However,  a problem
can still arise.  As the servo transducer 14 flies over the track on the
servo disk 16, 



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



25 across the servo sector. Therefore, it may enter the servo sector in the
track ID field of one track but cross a boundary between tracks and exit
the servo sector from the PES field of the next track.  This will 



result in an occasional mis-match between the track boundary defined by the
track identification information and that defined by the PES fields. It
then becomes necessary to correct the track ID number so that it
corresponds to the track from which the servo transducer 14 reads the PES
field samples. In the present embodiment, correction logic 140 (shown in
Figures 6B and 13D) is used to detect when it 



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



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



The correction-logic 140,  shown in Figure 13D, forms a correction number
of     1 which is added to the track ID in an adder 142. For all other
cases, the number 0 is added to the track ID. Figure 13E shows the
correction logic 140 in more detail. It should be noted that the addition
of the   



26 correction word to the track ID could also be accompli- shed by software
in the servo control processor 24. This correlation allows the servo
control processor 24 to use bits of the digital composite PES signal along
with a track ID to determine very precisely the position and velocity of
the servo transducer 14 even at high 



radial velocities. The increased accuracy of the total position signal at
high radial velocities helps to minimise both the time and power required
for performing a track seek operation.    At low radial velocities, such as
at the end of a track seek operation,  this correlation permits a smoother
settling of the servo transducer on a track. Figure 14A is an imaginary
tracing of digitised 



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



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



crossing plots condensed onto a single plane. Since there are equal number
of cycles in the PES2A field and the PES2B field, their corresponding track
crossing plots coincide. However, since the integration    27 



measurement time period for the PES2A and PES2B fields is only one half
that of the PES1 field, the slope of the PES2A and PES2B track crossing
plots in volts per micro-inch is only one half that of the PES1 track
crossing plot. The PES2A position sample is added to the PES2B position
sample to produce the total PES2 or quadrature sample. One hardware
implementation to perform this 



addition was discussed with reference to Figure 6. This addition can also
be performed graphically. Graph G2 in Figure 14A shows that the addition of
the PES2A and PES2B track crossing plots produces a new track crossing plot
which has the same slope as the PES1 track crossing plot. The PES1 and PES2
track crossing plots shown in graph G2 in Figure 14A are the inputs to the
composite 



PES generator 92. However, at only one radial position along the servo disk
16,  only one of the two plots is in a region where the PES amplitude 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 PES1 and PES2 position samples,  the
composite PES generator 92 determines over which of the eight regions 



the servo transducer 14 is flying. The composite PES generator 92 then
creates a composite position 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 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.    28
Figures 15A to 15C show how the addition of the PES2A and PES2B position
samples helps to compensate for 



high radial velocity of the servo transducer 14. A slanted trajectory of
the servo transducer 14 is shown by arrow 150 in Figure 15A. This slanted
trajectory causes an apparent shift in the PES1 and PES2B track crossing
plots as shown in Figure 15B. The actual value of the PES2A and PES2B
fields is shown by a solid line 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 PES1 track crossing plot. By using this
technique, the composite PES output is generated correctly, independent of
the radial velocity of the servo transducer 14. Without this feature, non-
linearities in the composite PES output would occur due 



to the slanted trajectory of the servo transducer 14. This allows more
efficient actuator control during track seek 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 



29 written between the write protected servo sectors. Any head actively
reading or writing customer data is also acting as its own track following
error sensor. This increases track following precision and allows higher 



track densities to be achieved. Another servo system configuration in which
this invention may be used is one having multiple independent actuators
200. This is shown in Figure 17. If a multiple actuator system contains n
actuators 200 and corresponding amplifiers 202, the servo sectors under
servo transducers 204 on adjacent actuators are staggered by 1/n of the
distance between servo sectors 



on one disk. The servo sectors for adjacent actuators must not overlap.
This is illustrated in Figure 18. In this type of system, a multiplexer 205
continuously cycles through the servo sectors of the actuators 200. The
advantage of this configuration is that only one servo control processor
24, along with a digital demultiplexer 206,  D/A converters 208,  the
amplifiers 202 and one servo demodulator 22 are needed to control 



several actuators 200 (again through the use of time multiplexing). The
servo sector format described in this invention may be used with linear or
rotary actuators. A method for creating the composite PES output for a
dedicated servo system is shown in Figures 16A to 16C. The servo track
width can be twice the data track width. The servo transducer 14 is then
twice as wide as a data 



transducer 18. This can help minimise non-linear effects of fringing fields
read by the edges of the servo transducer 14. It can also improve the
signal to noise ratio of the track ID bits. In this case, the composite PES
generator 92 merely inverts the slope of the d, e, f and g segments. The
servo track centres are   



30 derived alternately from PES1 and PES2 position samples. For a
servo-on-data system, the transducer is used for both serving and reading
and writing customer data. The servo track and data track are automatically
the same width. The composite PES track crossing plot is then formed as
shown in graph G3 in Figure 14A. 



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



servo position demodulator 22. The present invention uses the correction
logic 140 to detect when it is necessary to correct the track ID so that it
corresponds to the track number from which the PES field samples were read.
This correlation technique can also be accomplished by software in the
servo control processor 24. By correlating the track ID information with
the position error sample information, 



mis-matches between the track boundary defined by the track identification
information and that defined by the PES fields is avoided. Further, this
correlation technique allows the servo control processor 24 to use bits of
the ditigal composite PES signal along with the track ID to deter- mine
very precisely the position and velocity of the transducer 14 even at high
radial velocities. The 



increased accuracy of the total position signal at high radial velocity
helps to minimise both the time and power required for performing track
seek operations.    CLAIMS 1.    A method of determining the position of a
transducer (14) relative to a disk in a 



data storage system (10), comprising the steps of: reading track
identification information from a disk in the data storage system (10) to
provide a coarse position signal identifying a track over which the
transducer is positioned; and reading position error samples from a disk in
the data storage system (10) to provide a fine position signal representing
transducer position error within a track over which the transducer is
positioned; characterised in that the track identification information is
read before the position error samples are read; and in that the fine
position signal is analysed to determine whether the track over which the
transducer is positioned has changed since 



the transducer read the track identification information. 2.    A method as
claimed in claim 1 characterised in that the analysing step comprises
determining a first sign bit corresponding to a first position error
sample, determining a second sign bit corresponding to a second position
error sample, determining a least significant bit of the track
identification information and determining whether the transducer has moved
between tracks based on the first sign bit, the second sign bit and the
least significant bit of the track identification information. 3.    A
method as claimed in claim 2 characterised in that the analysing step
comprises 



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



32 4.     A data storage system (10) comprising at least one disk (16) and
apparatus for determining transducer position relative to the disk, said
apparatus comprising track reading means for reading track identification
information from a disk (16) in the data storage system (10) to provide a
coarse position signal (ID) identifying a track over which the transducer
(4) is positioned; position error reading means for reading position error
samples from a disk (16) in the data storage system to provide a fine
position signal representing transducer position error within a track over
which the transducer (14) is positioned; characterised in that the track
reading means 



is arranged to read said track Identification information before said
position error reading means reads said position error samples; and in that
analysing means (140) are provided for analysing said fine position signal
to determine whether the track over which the transducer is positioned has
changed since the transducer read the track identification information. 5.
A system as claimed in claim 4 characterised in that the analysing means
(140) comprises first sign bit detection means for detecting a first sign
bit (PES1 Sign Bit) corresponding to a first position error sample (PES1),
second sign bit detection means for detecting a second sign bit
corresponding to a second position error sample (PES2), least 



significant bit detection means for detecting a least significant bit of
the tract identification information (TRK, ID,LSB), and first combination
means (146) for combining the first sign bit, the second sign bit and the
least significant bit of the tract identification information to determine
whether the transducer has moved between tracks. 6.     A system as claimed
in claim 5 characterised in that the analysing means comprises correction
number determining means (140) for determining a correction number having a
value determined by the combination of the first sign bit, the second sign
bit and the least significant bit of the tract identification information,
and second combination means (142) for combining the 



correction number with the coarse position signal (ID) to reflect the
proper track identification information.    
























