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METHOD OF CONTROLLING SEEK MOVEMENTS
BY A MAGNETIC HEAD IN A HARD DISK DRIVE

. The present invention relates to a method for
5 ;:3. controlling seek movements by a magnetic head to a
u selected track on a rotating disk of a hard disk drive.
A peripheral commonly used with a computer is a
hard disk drive, in which data generated by the computer
_ is stored on concentric tracks defined in magnetic
10 coatings formed on metallic disks. The rigidity of the
disks permits the data tracks to be closely spaced so
that the hard disk drive is capable of storing large
amounts of information. Because of this capacity, the
hard disk drive is becoming increasingly popular with
15 computer users. Data is written to or read from a
' selected track by read/write heads, which are supported
by ‘a pivotal actuator adjacent to disk stacks so that
the heads can be moved across the disks by pa551ng a
current through a coil provided on the actuator remote
20 ~ from the heads and immersed in a magnetic field.

In order to write data to a selected track of a
disk, it is necessary to move an associated read/write
head to the track selected and, similarly, to read data,
it is necessary to move the read/write head to a track
25 - whereon such data has previously been stored. For these
purposes, the hard disk drive is provided with a servo
circuit that reads a servo pattern in the data tracks or
.on a dedlcated servo disk surface and responds, in a
seek mode of operation of the servo system, to control
30 the movement to the track. -~

Often, the servo pattern is used to generate a
pattern ‘error signal indicative of the location of the
head which reads the pattern (referred to as the servo
head) with respect to the centres of the tracks, the
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anounts of information. Because of this capacity, the hard disk drive is

_becom ng increasingly popular with 15 conput er users.

Data is witten

“to or read froma selected track by read/ wite heads, whi
_ _ : ich are su
by a pivotal actuator adjacent to disk stacks so that the heads Caﬁpg;ted

noved across the disks by passing a current through a coi

provi ded on the

acéuator remote 20 _fromthe heads and imMmersed in a magnetic field. In
order to wite data to a selected track of a disk, it is necessary to move
an associated read/wite head to the tr%ck selected and, simlarly, to read

dat a,

servo circuit differentiating the position erroxr signals

to obtain a signal proportional to the radial velocity

of the servo head across the disk, and compelling the

actual velocity of the servo head with velocities stored
5 as a velocity demand profile in a look up table in a

micro-processor. If the actual velocity at a given
distance from the destination track is lower than the
velocity taken from the velocity demand profile for that

distance, a correction signal is generated and trans-

10 mitted to a power amplifier which passes a current
through actuator coil in a direction that will tend to
accelerate the head across the disk. Conversely, if the

15
direction to decelerate the servo head.

20

25

transmltted to the power amplifier.

R

actual velocity of the servo head is greater than the
demand velocity for a given servo head location, a
current passed through the actuator coil will be in a

By designing the velocity demand profile to demand
large servo head velocities at large distances from a
destination track and to demand steadily decreasing
velocities as the servo head approaches the destination
track, the servo head can be caused to have a large
acceleration at the start of a seek operation and a
deceleration near the end of the seek operation.
Ideally, this will cause the head to arrive at the track
with a velocity such that the head will rapidly settle
on the track when the servo circuit undergoes a
tranSLtlon to a track following mode of operation, in
which_ the servo head is maintained in alignment with the

" track’ by control signs generated in proportion to the
p051tlon error signal, and the integral thereof, and

in practlce, this ideal has not hitherto been
achieved. In :particular, bias forces are exerted on the
" heads bz alr swirling about the disk surfaces and by
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it is necessary to nove the read/wite head to a track 25 wher eon such
data has previously been stored. For these purposes, the hard disk drive
“is provided with a servo circuit that reads a servo pattern in the data
ks or on a dedicated servo disk surface and responds, in a seek node of
ation of the servo system to control 30 t he novenent to the track
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the servo pattern is used to generate a pattern error signa

cative of the location of the head which reads the pattern (referred to
he servo head) with respect to the Eentres of the tracks, the
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electrical leads by means of which electrical
connections are made to the heads, with the result that-
the acceleration and deceleration of the heads will not
be proportional to the difference between the demand and
actual velocities of the heads across the disk.
Moreover, electronic offsets similiarly affect the
relationéhip between head acceleration and deceleration
and the difference in actual and demand velocities. |

As a result, the heads do not follow the velocity
demand profile and, accordingly, can arrive at the
destination track with an excessive speed that causes
over shoot of the track or with an insufficient speed
that can cause the head to stall before reaching the
track. 1In either case, time is consumed in settling the
head on the track sufficiently that reading from or
writing to the track can be commenced. The net result
is a loss of throughput of the hard disk drive. That
is, the average rate at which data can be stored or
retrieved by the computer, with which the hard disk
drive is used, is reduced.

A second effect that results in the loss of
throughput is bit crowding that occurs at inside tracks
on the'disk surface carrying the servo patterns. 1In
many cases, it will be desirable to adjust the gain of
the servo loop by providing an AGC circuit that responds
to dibits of the servo pattern that are geometrically
equivalent from one track to another so that, ideally,
measurement of signals produced in the servo head by
such dibits will provide a constant amplitude signal
that can be used for AGC of the loop gain. In practice,
however, geometrical egivalents of dibits of the servo
pattern cannot be maintained because of the decreasing
circumferences of the tracks from the edge of the disk
towards the centre thereof. As a result, signals
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2°servo circuit differentiating the position err [ [
_ _ ( or signals to obtain a
:s!gnal proportional to the radial velocity of the servo head across the
dis and conparing the actual velocity of the servo head with velocities
i}g dp5 as ?fveLOC|ty demand profile in a ook up table in a

- processor. the actual velocity at a given distan
destgnation track is |ower than the g ° ce fromthe

4

generated in the servo head as dibits of the servo
pattern pass thereunder can superimpose to cause the
amplitudes of the signals to differ from the amplitudes
of signals that will be produced by isolated servo
5 pattern dibits. Moreover, because of the variation of
track circumference with radius, the degree of super
position will vary from one track to another.

The net result is that a loop gain that is
appropriate for one track is not appropriate for other

}0 tracks. Thus, if an average loop gain is used for

f effecting a seek operation, the differentiated position

error signals, to which signals corresponding to the

demand velocities taken from the velocity demand profile

: are compared, will not be representative of the actual

.15 velocity of the servo head. Again, long settling times
for the head on a destination track can result to lower
data throughput.

It is an object of the present invention to solve
the problems described above.

0 In accordance with the present invention, there is
provided a method for controlling a seek movement by a
magnetic head to a selected track on a rotating disk of
a hard disk drive, in which a servo system controls the
seek movement in accordance with a comparison of

5 measured actual head velocities and selected demand
velocities of a stored velocity demand profile, charac-
terised by assigning tracks on the disk to a plurality
of concentric zones on the disk, determining for each of
the zones an adjuétment value for use in the comparison

0 for offsetting at least one out of the selected demand
velocities and the measured actﬁal head velocities,
storing the adjustment values, and employing the
adjustment values in the comparisons made during a seek

movement.
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velocity taken fromthe velocity demand profile for that distance, a
correction signal is generated and trans- 10 mtted to a power

fier which passes a current through actuator coil in a direction that
wi | Iggtend to accelerate the head across the disk. Conversely, if the actual
ity of the servo head is greater than the demand velocity for a given
® head [ocation, a 15 current passed through the actuator coil wll
be ifh a direction to decelerate the servo head. By designing the velocity
nd profile to demand | arge servo hedd velocities at |arge di stances

a .

In its preferred form, the present invention
provides a method for adjusting both the loop gain and
velocity demand profile adaptively so that the differen-
tiated position error signals to which demand velocity
signals are compared are representative of the actual
velocity of the servo head near the destination track
and the velocity demand profile takes the bias forces
into account to provide an appropriate velocity demand
profile to be compared with actual head velocities.

In the method described below, the tracks on the
surface whereon the servo pattern is written are

10

assigned to a series of concentric zones and a loop gain
is developed and stored for each of the zones to be used
in making seek movements to tracks in such a zone. 1In
15 particular, an average loop gain is first determined by
programming a micro-processor to call for long sweeps
back and forth along the disk as part of the start up
procedure for the hard disk drive. The demand velocity
for such sweeps is selected to be substantially the
maximum speed for the servo head during a seek movement
and the actual average speed, as determined by differen-
tiating the ﬁosition error signals, is measured by
determining the time required for the head to cross a
selected number of tracks. The average loop gain,
expressed as an AGC reference level, is then selected so
that the average velocity for such sweeps equals the
maximum speed called for by the micro-processor. There-
after, the servo head is moved to each zone in turn and

low speed sweeps are made in opposite directions to
determine an AGC correction that will cause the average
of the actual velocities for two oppositely directed
sweeps to be the same as the demand velocity called for
to effect the sweeps. Again, the actual velocities are
‘measured by measuring the time for the head to traverse
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desti i : : . -

The servo head approaches the desti nati on track, the servo head can b -

ggnggrgsigﬁVﬁeng?Lgeeﬁgche{ﬁ;ion at the start of a seek operation and a
_ seek operation. ldeally, this will cause

thethead to arrive at the track 25 with a velocity such that the head

willf rapidly settle on the track -when the servo circuit undergoes a

};aL;:;Lanég ?ntr?pk fol l om ng node of operation, in which the servo head

broflorti on £ thea ignment with the traék by control signs generated in

a selected number of the tracks. The AGC corrections

are then saved in the look up table and the average AGC

level is adjusted, by adding the correction each time a

seek movement is made to a track in the zone for which

5 the direction is determined.

. For adjusting the velocity demand profile, as

described below, the disk is again zoned, and . low speed

sweeps in opposite directions are made in each zone for

a selected demand velocity taken from the velécity

10 demand profile. During such sweeps, the actual head

velocity is measured as described above. The demand

velocities for such sweeps are then adjusted, by

jincrementing the demand velocity for movement in one

direction and equally decrementing the demand velocity

15 for movement in the other direction to obtain a velocity

jncrement which, when added to the demand velocity

profile during movement of the servo head in one

direction and subtracted from such demand velocity

profile during movement in the other direction, will

00 cause equal actual velocities for the two directions.

The velocity increments are stored in relation to the

zones and, thereafter, each time a seek movement is made

to a track in a selected zone, the seek is carried out

with respect to a compensated velocity derived from the

stored velocity demand profile by adding the velocity

5
[ increment to at least portions of thé stored profile for
seek movements in one direction to tracks in the
selected zone and subtracting the velocity increment
from corresponding portions of the stored profile for
Bo seek movements in the opposite direction to a track in

the selected 2zone.

The present invention thus optimises the time for
magnetic heads of a hard disk drive to settle on tracks
of disks of the drive following seek movements to the
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30 position error signal, and the integral thereof, and transmtted to
\the.pomer anplifier. In practice, this ideal has not hitherto been
“achigved. In particular, bias forces are exerted on the heads by air

swi rjgi ng about the disk surfaces and by 3 electrical |eads by neans of
whi cg el ectrical connections are nmade to the heads, with the result that

tracks.

Advantageously, the invention as described
compensates for bias forces on the actuator of the hard
disk drive and electronics offsets during seek movements
to tracks on disks of the drive. '

Further, the invention as described advantageously
compensates for AGC error arising from crowding of servo
pattern dibits on a disk of a hard disk drive and from
forward gain variations due to such variation as torque
) constant non-linearities.

The present invention will be described further,
by way of example, with reference to the accompanying
drawings, in which:

Figure 1 is a schematlc diagram of a servo circuit
of a rotating disk data storage device, in which the
method of the present invention may be used;

Figure 2 is a graph of a velocity demand profile
stored in a micro processor of the servo circuit-of
Figure 1;

Figure 3 illustrates zoning of a servo surface of
a disk of the rotating disk data storage device of Figure
1; '

Figure 4 is a graph of a compenstated velocity
demand profile for a zone near the outside edge of the

= disk; and _
Figure 5 is a graph of a compenstated velocity

demand profile for a zone near the spindle whereon the

disk is mounted.

The Servo System
Figure 1 illustrates generally the construction of
a typical servo circuit, designated by the numeral 10,

for a rotating disk data storage device. As illustrated
therein, the servo circuit 10 comprises a plurallty of
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celeration and deceleration of the heads will not be proportional to
fference between the demand and 5 actual velocities of the heads

5" the di sk. Moreover, electronic offsets simliarly affect the
onshi p between head accel erati on and decel eration and the difference

ual and demand velocities. As a result, the heads do not foll ow the

ty 10 demand, profil e and, accordingly, can arrive at the

ation track with an excessive speed that causes over shoot of the

or with an insufficient speed thaB can cause the head to stal

i ng the

disks, only one of which is shown in Figure 1 and is
designated by the numeral 12, that are co-axially
mounted on a spindle 14 for rotation in the direction of
an arrow 16. As is known in the art, the disk surfaces,
such as the surface 18 of the disk 12, are provided with
magnetised coatings so that information can be written
along concentric tracks, such as the tracks 19, 20, 22
and 24 partially illustrated on the surface 18, by
magnetising consecutive segments along the tracks in

0 opposite directions using a conventional magnetic head

28 that receives an electrical current from a conven-
tional read/write circuit (not shown). Thus, by varying
the direction of the current as the disk 12 rotates,
consecutive segments of a track are magnetised in
opposite directions to record the information that is
contained in the series of current reversals through the
head 28. Subsequently, the information is read by
detecting the magnetic reversals occurring along a
selected track.

For purposes of illustration, the surface 18 of
the disk 12 is assumed to be a dedicated servo surface
containing only servo information that is used by the
servo circuit 10 in a seek mode of operation to move the
head 28 from one track to another, and in a track
following mode of operation to maintain the head 28 in
radial alignment with a selected track. However, it
will be clear to those skilled in the art that the
present invention is not limited to the use of a
dedicated servo surface for carrying out these
operations. Thus, it is contemplated that the circuit
10 can be of the embedded servo type wherein servo
jnformation is interspersed with data that is stored on
tracks of the disks.

(W

bef ore

In keeping with the assumption that the surface 18
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track. In either case, time is consuned in settling th

;track sufficiently that reading fromor witing togtheetggck canhggd on the
co nced. The net result is a loss of throughput of the hard disk drive
Thatf i s, the average rate at which data can be stored or retrieved by thé
condquter, with which the hard disk 20 drive is used, is reduced. A
secdand effect that results in the loss of throughput is b|t crowdi ng t hat
occurs at inside tracks on the disk surface carrying the servo patterns. In
many| cases, it will be desirable to adPust the gain of

is a dedicated servo surface, information on the surface
18 of the disk 12 will take the form of a servo pattern
comprising magnetised dibits that are positioned both
radially and circumferentially to cause generation in
the servo head 28 of signals representing both the
radial and circumferential locations of the head with
respect to the tracks as the disk 12 rotates. A suitable
pattern of dibits and the manner in which the dibits are
utilised to generate servo signals has been described in
U.S. Patent No. 4,811,135, the teachings of which are
incorporated herein by reference.

The head 28 is supported adjacent the surface 18
of disk 12 by an arm 30 of an actuator 32 that is
mounted on a spindle 34 so that pivoting of the actuator
will cause radial movement of the head 28 across the
disk 12. Such pivoting is effected by passing an
electrlcal current through a coil 36 mounted on an end
of the actuator 32 opposite an end carrying the head 28.
Permanent magnets (not shown) are positioned about the

coil 36 to immerse opposite sides of the coil 36 in
oppositely directed magnetic fields, indicated by arrows
38 and 40, so that flow of a current through the coil 36
in one direction causes the head 28 to move radially
outwardly while flow of a current through the coil 36 in
the opposite direction causes the head 28 to move
radially inwardly.

Signals generated in the head 28 are transmitted
to an AGC circuit 42, which comprises a variable
amplifier 44 through which the signals are passed to a
demodulater 46 which generates position error and track
crossing signals used to position the head 28 as will be
discussed below. In the present invention, it is
contemplated that the AGC circuit 42 is of a type
wherein the gain of the amplifier 44 is varled by
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25 the servo loop by providing an AGC circuit that re I bi

.of the servo pattern that are geonetrically equival ent froi?gggstﬁgcgl?gts
anofller so that, ideally, measurenent of signals produced in the servo head
by ch dibits will provide a constant anplitude signal 30 that can be
used@for AGC of the loop gain. In practice, however, geonetrical

equigal ents of dibits, of the servo pattern cannot be mai ntai ned because of
t he @gecreasi ng circunferences of the tracks fromthe edge of the disk
towallds the centre thereof. As a resul &9 signal s

continously comparing the maximum amplitude of the
signal at the output of the amplifier 44 to a reference
signal supplied to a micro-processor 48, via a latch 47
and D/A converter 49. Consistent with this AGC approach,
the dibits written to the disk surface 18 include
radially overlapping elements that form spokes 50
extending across all the tracks on the disk surface so
that, in principle, pulses having the same amplitude for
all tracks on the disk will be generated in the head 28
each time'a'spoke passes under the head 28 and, further,
other pulses generated by the head 28 will have
amplitudes no larger than the amplitudes of the signals
generated by the spokes. In such an AGC circuit, a
substantially constant signal for comparison with the
AGC reference signal can be generated by a peak detector
52 connected to the output of the variable amplifier 44.
The output of the peak detector 52 is connected to one
input of a difference amplifier 54, the other input of
which receives the reference signal from the micro-
processor 46, and the output of the amplifier 54 is
passed to a gain control terminal of the variable
amplifier 44 via low pass filter 56 that removes AC
components of the output signal from the amplifier 54.
As described in the aforementioned U.S. Patent No.
4,811,135, the servo pattern shown therein, and
jllustrated in part on the surface 18, defines a fine
control region about each track on the surface 18
extending from the mid point between such track and each
of the tracks adjacent thereto. In this region, for
each track, the demodulator 46 responds to signals
received from the variable amplifier 44 by providing on
a conducting path 58 a position error signal that has an
amplitude proportional to the offset of the centre of
the head 28 from the centre of the track assoc1ated w1th
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4 generated in the servo head as dibits of the servo pattern pass
.thereunder can superinpose to cause the anplitudes of the signals to differ
frog the anplitudes of the signals that will be produced by isolated servo
pattlern di bits. Mreover, because of the variation of track circunference
wi t g radius, the degree of superposition will vary fromone track to
anotfher. The net result is that a loop gain that is appropriate fromone
tra is not appropriate for other tracks. Thus, if an average loop gain is
usecg for effecting a seek operation, t hil dlfferentlated position error
signpls, to which signals corresponding to the

the region. The position error signal is measured from
a servo ground VSER, which is held as a selected voltage
jevel above a circuit ground established by the power
supply (not shown) for the device 20 and which can
conveniently be provided by a voltage requlator (not
shown) connected across the power supply.

Additionally, the demodulator 46 senses the timing
of pulses generated in the head 28 by the passage of
edges of the servo pattern on the disk surface 18 under
the head 28, and provides the down going edge of a
square pulse each time the head 28 passes from a fine
control region about one track to the fine control
region about an adjacent track. (The geometry of the
pattern that will result in the appropriate timing has
been shown in the aforementioned U.S. Patent No.

10

15
4,811,135). These pulses, referred to herein as track

crossing signals, are provided on a conducting path 62
to a clock terminal of a counter 60 included in the
micro-processor 48 so that, during a seek operation, the
number of tracks remaining to completion of the seek
operation may be continuously maintained in the counter
60, by entering ‘the binary complement of the number of
tracks the head is to be moved and subsequently clocking
the counter 60 with the track crossing signals. The
direction of movement is determined in a manner that
will become clear below.

The position error signal is transmitted to a

proportioning integrating controller 64 whose output
constitutes one component, proportional to both the
position error signal and the integral thereof, of a
correction signal supplied to a summing amplifier 66
during operation of the servo circuit 10 in the track
following mode. An electronic switch 68, controlled by
the micro-processor 48 is closed during such operation,
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démand velocities taken fromthe velocity demand profile are conpared, wll
not be representative of the actual velocity of the servo head. Again, |ong
"settfling times for the heads on a destination track can result in | ower

dat g t hroughput. EP-0272076 di scl oses a nmagnetic disc drive system which

i ncljudes units which i medi ately upon recei pt of a power supply and before
recqg pt of a seek command, neasure one or nore position offset val ues al ong
one for nore cylinders on a nagnetic disc by detecting the control current
fromd a control current detection circui%® when the position of the nagnetic
headt is controlled under fine position control, and cal cul ating one or nore

Val tbs o 1 R Bo ORI () PRI RO TT i T g et on
magnpti ¢ di sedl ioperatsicemfrionERdM2 AatRe: My dnothey. | heROTHERR omat i ¢
speef Contr%r£¥¥|;faﬂéfﬁf¥gﬁ the demodulator 46 is also transmitted

to a differentiator 70, which continually provides a

5 signal, corresponding to the actual radial velocity of

r the head 28 across the surface 18, to the summing

amplifier 66 to modify the basic proportioning'control

scheme of operation of the circuit 10 during track

following and to effect seek operations from one track

0 to another in a manner to be described below.

In addition to the signals received from the
controller 64 and differentiator 70, the summing
amplifier 66 receives a velocity demand signal, utilised
in effecting a seek operation, from the micro—-processor
48 via a latch 72 and a D/A converter 74. The velocity
demand signal is received at a resistor 76 and,
additionally, at an electronic switch 78 and series
resistor 80, in parallel with the resistor 76, so that
the gain of the summing amplifier 66, with respect to
the velocity demand signal, can be varied by opening the
switch 78, for low gain, or closing the switch 78, for
high gain, in response to a signal provided by the
micro-processor 48.

The summing amplifier 66 comprises an operational
amplifier 82 having a feedback resistor 84 connected
between the output of the operational amplifier 82 and
the inverting input thereof in order, in combination
with the resistors 76 and 80 and resistors 86 and 87, to
fix the gains of the signals received by the amplifier
66. The non-inverting input of the operational
amplifier 82 is connected to the servo'ground. The
output of the summing amplifier 66 is provided to the
input of a transconductance 88 power amplifier 88, which
drives a current through the coil 36 of the actuator 32

I
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unit, which after conpletion of the offset correction value cal cul ati on,
determ nes a speed control gain used in the speed control unit by seeking
“the§magneti c head at a predeterm ned cylinder under application of the

cal qul ated offset values and neasures a tinme for the seek which neets a

req@i renment of a reference seek tinme. EP-0293809 discloses a control
appdratus for controlling the positioning of a head in a

recq di ng/ reproduci ng appar atus whi ch ignprises a carriage mechani sm havi ng
a hgad, a switch for selecting one of a“battery and a power source using

co rcial power source, driving section for driving the carriage

mechgni smin accordance ncg % Lty.-diLE n a by a
currnt whi #h BERRRT F10M, °pB§E §%$§Et§58§§i rébeifed Erofi?the

summing amplifier 66.

In addition, the circuit 10 comprises a comparator
90 that receives the servo ground at its non-inverting
input and the signal from the D/A converter 74 at its
inverting input, to permit measurement of the servo
ground as part of the start up routine of the data
storage device containing the servo circuit 10. To this
end the micro-processor is programmed to output, during
start up, a succession of digitally expressed numbers
that correspond to different velocities to be demanded
of the head 28 during a seek operation, and to monitor
the output of the comparator 90 on a conducting path 92.
The D/A converter 74 converts these numbers, referred to
herein after as D/A values, to electrical signals having
voltages, with respect to the system ground, propor-
tional to the number in the latch 72. The voltage level
of the servo ground is selected so that a digitally
expressed number substantially at the mid-point of the
range expressible in the latch 72 will, in view of the
connection of the non-inverting input of the operational
amplifier 82 of the summing amplifier 66 to the servo |
ground, represent a zero demand velocity for the head 28
across the service 18. ngher numbers in the latch 72
will result in a velocity demand signal to the amplifier
66 tending to drive the head 28 in one direction across
the surface 18 and lower numbers will result in a
velocity demand signal tending to drive the head in the
opposite direction across the surface 18.

Velocity Demand Profile

Figure 2 illustrates a typical velocity demand
profile, generally indicated by the reference numeral 91
and stored in the lock up table in the mlcro—processor
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4a the switch, a velocity difference detector for generating the velocity
-dlfference data on the basis of incomng target velocity data and current
vel qcity data and for delivering the velocity difference data to the
driging section, a current position detector, for detecting a current
posijtion of the head to produce current position data, a current velocit
detdqctor for generati.ng the current velocity data fromthe current posit?on
datg fromthe current position detector and a target velocity generator for
gengrating the target velocity data ont4he basis of i ncom ng target
posifti on data and the current position data fromthe current position

oL corth! G B ek I RS g  goppgsLenLen o T
swi tich. movement of the head 28 from one track to angtggiegéégn,Of the
that is, to a destination track represented by the
central vertical axis 94 of Figure 2.
Such movements are effected by outputting a
succession of demand velocities, expréssed as D/A values
shown on the axis 94, to the latch 72 for conversion to
an analog signal by the D/A converter 74 and for trans-
mission to the summing amplifier 66 as discussed above.
As noted above, a D/A value larger than that selected
for the servo ground will cause the summing amplifier 66
to.provide a signal to the power amplifier 88 that tends
to cause the head to be moved in one direction, while a
D/A value smaller than that selected for the servo
ground tends to cause the head to move in the opposite
direction. As a result, the output of profile
velocities on a tracks to go basis measured from the
destination track will tend to move the head 28 across
the surface 18 in a direction towards the destination

'y

track.
For purposes of jllustration, it will be assumed

herein that movement of the head 28 in a first direction
towards the oﬁfér edge of the disk 12 is occasioned by
increasing the D/A value to the latch 72, while
decreasing the D/A value results in movement of the head
28 in a second direction away from the outer edge of the
disk. . |

The D/A values are correlated with velocities to
be demanded for the head 28 across the disk in physical
units, such as centimetres (or'inches) per second.
Additional vertical axes 96 and 97, indicating demand
velocities in physical units for movement in the first

direction, have been included in Figure 2. Similarly,
axes 98 and 99 have been inclu@ed for the second
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US- 4333117 discl oses electronic circuitry for inproving the speed and
accuracy of shifting the magnetic heads of a disk nenory from one track
cylignder to another. Head velocity is neasured by neasuring the servo head
trarpmt time between adjacent tracks of the servo disk. A mcroprocessor
contfoller in conjunction with preferred velocity profile data stored in a
reacg only nmenory provides a control signal to the linear notor contro
causgng the head armvelocity to folloythe preferred velocity profile. It
S obj ect of the present invention ¥% sol ve the probl ens descri bed -
abovg. In accordance with the present invention, there is provided a nethod

for Ppptim sjng seeks by a nagneti d1 '
: d & Or 32 584 860881bhask thea rotatin
di skfof a réfr%ccﬁ’s‘?? ﬁ%@%‘ég@%gagb%%%o{:systemthat effects t?le seeks ig
accofdance aprdtelationsar i son of the actual head velocities with demand

velogities of a vglagily,fenpnd; probiéd. thher ehe vekocity demand
profile, in physical velocity units versus number of
tracks to go in making a seek movement to a selected
destination track, can be obtained for purposes of the
present invention in any conventional manner so that
only a qualitative discussion of the manner in which the
profile is obtained will be given. In general, the
velocity demand profile is obtained by modelling the
mechanical and electrical properties of -the rotating
disk data storage device and selecting velocities for
the profile that will cause the head to have an initial
high acceleration towards the destination track followed
by a period, for long seek movements, in which the head
has a selected constant maximum speed that is indicated
by flat portions 100 and 102 of the profile. 1In a final
portion of the seek movement, demand velocities are
steadily decreased to cause a controlled deceleration of
the head 28 that will cause the head 28 to enter the
fine control region about the destination track with a
speed that will facilitate rapid settling of the head
onto the destination track after a transition to the
track following mode of operation of the servo circuit
10.

Seek operations are then effected via the
comparision of the demand velocity, which is continually
updated at the latch 72, and the actual velocity of the
head 28, which is indicated by the differentiator 70.
(The switch 68 is open during seek operations so that
the current through the coil 36 is proportional solely
to the difference in actual and demand velocities of the
head 28. Following the transition to find control,
occurring a selected time after entry of the head 18
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servo system conprises Autonatic Gain Control (AGC) neans, responsi

_AGC signal, for providing an adjustable servo éain)for thé sereg i;;ﬁstaﬁﬁﬂ
resppct to actual velocities of the head across the disk, and wherein the
har dgdi sk drive has a stored velocity demand profile characterised by

i ncl gding the steps of: assigning each track on the disk to one of a ’
plurglity of concentric zones on the disk; for each zone on the disk
detegmining a zone AGC signal that wll éxuwe t he average of the act ual
vel ogities of the magnetic head movemert® of the head within the zone in
oppogite directions to be equal 4b

into the control region about the destination track, the
switch 68 is closed and the D/A value in the latch 72 is
set to a zero demand velocity or, preferably, to a
position feed forward value.

in order to correlate demand velocities in
r physical units with demand velocities in D/A values, D/A
values are selected for the maximum speed to be demanded
of the head across the disk in both directions. For
example, if the latch 72 is a nine bit latch and the
servo ground is at a level 256, the D/A values for the
maximum speed might be chosen as fifty six for maximum
speed of the head in the second direction and 456 for
maximum speed in the first direction. The micro-
processor 1is programmed to transmit each of these D/A
values to the latch 72 as part of the start up routine
F for the circuit 10, and to measure the actual velocity
that each D/A value will produce by counting track
crossing signals received by the counter 60 of the
micro—-processor 48 for a selected time interval. The
gain of the AGC circuit 42 is adjusted in consecutive
high speed sweeps until the velocity so determined for
the selected D/A values is substantially the maximum
velocity, in either direction, that the head is to
achieve in a seek movement. The signal transmitted from
the micro-processor 48 to the AGC circuit 44 during
these high speed sweeps will be referred to herein as
the average AGC signal for the circuit 10. Thereafter,
in accordance with the teachings of the prior art, seek
movements are made by outputting D/A values to the latch
72 and D/A converter 74 in accordance with the stored
velocity demand profile that has been illustrated in
Figure 2, while the switch 68 is held open by the micro-

processor 48.°
Before proceedlng, 1t will be useful to the
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to a demand velocity selected fromthe stored velocity demand profile;
_storlng I ndi cations of the zone AGC signals; and thereafter, for each,seek
to a kel ected data track in a selected zone, supplying the zone AGC signal
for tphe selected zone to the AGC neans. 51nits preferred form the
presept invention provides a nmethod for adjusting both the |oop gain and
vel ocjty demand profile adaptively so that the differen-

17

characteristics of the stored velocity demand profile
established in this manner, initially the profile is
symmetrical with respect to both direction of movement
of the head 28 and D/A values measured from the servo
ground level, as indicated by the horizontal axis 104.
Thus, during seek movements in accordance with the prior
art, the micro-processor 48 calls for demand velocities
without regard to effects which might vary appropriate
AGC levels across the disk, and without regard to forces
on the actuator 32 in addition to the Lorentz force on
the coil 36 produced by passing therethrough a current
from the amplifier 88.

Since the actual velocity of the head 28 is
determined from signals that are passed through the AGC
circuit 42, an inappropriate AGC level, obtained as
described above, can cause the head 28 to enter the
control region about the destination track represented
by the axis 94 with an actual velocity that is higher or
lower than the velocity indicated by the velocity demand
profile. In the first case, excessive over shoot of the
track can occur with the result that the head must be
pulled back to the track by the controller 64 and
differentiator 70 after a transition to the track
following has been effected by closing the switch 68.

In the second case, under shoot of the track will occur
so that the controller 64 and differentiator 70 must
pull the head to the destination track after the
transition has occurred. In either case, reading of
data from or writing of data to a track (not shown),
aligned with the destination track on a separate disk
surface, must be delayed until settling of the head 28
on the destination track has occurred. '

similarly, forces on the actuator 32 can cause the
actual velocity of the head 28 to fail to follow the
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ti'ated position error signals to which d [ [
( emand velocity 5 signal s ar
ifﬁﬁpgred.are.representatlve of the actual velocity of the servo %ead nea?
i ? estination track and the velocity denand profile takes the bias forces
nto account to provide an appropriate velocity demand profile to be

gorpared wi th actual head velocities. 10 In the nmethod descri bed
elow, the tracks on the surface whereon the servo pattern is witten are
assigned to a series of concentric zo and a |loop gain is devel oped and

stored for each of the zones to be used i i
i n
in such a zone. In maki ng seek novenents to tracks

demand velocity because of 1nappropr1ate correction
signals from the summing amplifier 66 to the power
amplifier 88. That is, the model used to derive the
velocity demand profile is inapplicable where these
forces are not taken into account. As a result, the
velocity of the head 28 at the time of entry into the
fine control region about the destination track may be
too large or too small for the head to be optimally
brought into alignment with the destination track
following the transition to the track following mode of
operation of the circuit 10. Again, the result is
excessive over shoot or under shoot producing an
excessive delay in reading from or writing to the
destination track, caused by a need for the head 28 to
be brought substantially into radial alignment with the
destination track prior to writing data thereon or
reading data therefrom.

A second feature of the velocity demand profile is
the presence of discontinuities 106 and 108 near the
destination track. (For clarity of illustration, the
velocity demand profile 91 has not been drawn to scale.
Thus, for example, the velocity of the head 28 at the
discontinuities 106 and 108 is typically about 2% of the
maximum velocity during a seek movement). In the
preferred mode of performing a seek operation, it is
desirable that the gain of the summing amplifier 66 with
respect to the demand velocity be high for large head
distances from the destination track to ensure that the
signals from the amplifier 66 will have a sufficient
magnitude to cause the head to reach its maximum speed
rapidly. On the other hand, resolution of demand
velocities becomes more important near the destination
track to permit fine adjustment of the speed of the head
28 as it nears the track. '
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particular, an average loop gain is first determ ned by

programm ng a m cro-processor to call for |ong sweeps back and forth al ong
isk as part of the start up procedure for the hard disk drive.

‘t he

dermagd vel ocity for such sweeps is selected to be substantially the 20

m speed for the servo head during a seek novenment and the act ual
ge speed, as determined by differen- tiating the position error
is measured by deternining thggtine required for the head to cross
ected nunber of tracks. The average | oop gain, 25 expressed as an
eference level, is then selected so

maxi
aver
si gn
a sel
AGC 1

| s,

Both of these considerations are met by changing
the gain of the amplifier 66, with respect to the demand
velocity received from the micro-processor 48, as the
head 28 approaches the destination track. High gain, in
initial portions of the seek movement, is effected by
closing the switch 78 during such initial portions, to
place the resistors 76 and 80 in parallel. Since the
gain of the summing amplifier, for each signal to be
added, is the ratio of the feedback resistance, i.e. the
resistance of'the resistor 84, to the resistance through
which such signal is introduced into the non-inverting
input of the operational amplifier 82, the parallel
connection of the resistors 76 and 80 increases the gain
of the amplifier 66 with. respect to the demand velocity.
Correspondingly, opening the switch 78 when the head 28
is near the destination track reduces the gain of the
amplifier 66 with respect to the demand velocity. Such
gain transition for the summing amplifier can
conveniently be selected to occur at, for example, six
tracks to go in the execution of a seek movement.

The axes 96 and 98 indicate the demand velocity in
physical units for portions of the velocity demand
profile that are implemented at high summing amplifier
gain and the axes 97 and 99 indicate the demand velocity
in physical units for a central portion 93 of the
velocity demand profile that is implemented at low

summing amplifier gain.

Adaptive AGC Gain Compensation

As noted above, one aspect of the present
jnvention is to adjust the gain of the servo circuit 10
adaptively to ensure that the AGC level utilised during
seek operatlons will cause the actual velocity of the
head 28 to follow the demand velocity for portions of a
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that the average velocity for such sweeps equals the maxi mum speed call ed
;for by the mcro-processor. There- after, the servo head is nobved to each
zong in turn and | ow speed sweeps are nade in opposite directions to 30

det g mine an AGC correction that will cause the average of the actual
velities for two oppositely directed sweeps to be the sane as the demand
velogity called for to effect the sweeps. Again, the actual

velocities are

neasgpred by nmeasuring the time for the head to traverse

20

seek movement near the destination track. To this end,
the tracks on the surface 18 of the disk 12 are each
assigned to one of a plurality of concentric zones that
have been indicated as 110, 112, 114, 116 and 118 in
Figure 3. (For clarity of illustration, only five zones
have been shown in Figure 3). An AGC level, that will
ensure that actual and demand velocities have the same
value will result in substantially equal inputs to the
summing amplifier 66 from the differentiator 70 and D/A
converter 74 is then determined for each zone as will
now be described.

As part of the start up routine programmed .into
the micro-processer 46, the head 28 is moved consecu-
tively to each zone and, while the head is in each zone,
low speed sweeps are made in both directions across the
disk for a selected demand velocity, taken from the
velocity demand profile, that has been indicated by the
dash line 120 in Figure 2, for a sweep in the first
direction and by the dashed line 122 for a sweep in the
second direction. Such sweeps are effected by entering
the D/A value corresponding to the selected profile
velocity in the latch 72 after disabling summing of the

output of the controller 64 in the signal sent to the
power amplifier 88 by opening the switch 68.

During each of these sweeps, the current of sixty
counts track crossings for a selected time period so
that the actual velocity of the sweep is, in effect,
measured for both sweeps, such velocity being directly
proportional to the number of tracks that are crossed.
The micro-computer is programmed to compare the average
of these actual velocities to the value of the selected
velocity taken from the velocity demand profile and, if
the average of the actual velocities is lower than the
selected velocity, to increment the AGC 51gna1 supplled
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6 'a sel ected nunber of the tracks. The AGC corrections are then saved in
the I ook up table and the average AGC | evel is adjusted, by adding the
‘corrjection each tinme a seek novenent is made to a track in the zone for

whi gh 5 the direction is determ ned. For adjusting the velocity demand
prof§ |l e, as described below, the disk is again zoned, and | ow speed sweeps

I n posite directions are nade in each zone for a selected demand vel ocity
t ak fromthe velocity 21

to the AGC circuit 42 via the latch 47 and D/A converter
49. If the average of the actual velocities exceeds the
selected demand velocity, the AGC signal supplied to the
AGC circuit 42 is decremented.

Such adjustments of the AGC signal are continued
until the average of the actual velocities is substan-
tially equal to the selected demand velocity. The
jncrement or decrement that has this result is then
saved in a RAM (not shown) that provides a memory for
0 the micro-processor 48 at an AGC correction signal for
the zone. Thereafter, each time a seek movement to a
track in a selected zone is made, the AGC signal
supplied to the AGC circuit 42 is adjusted to the sum of
the average of the AGC reference signal and the
5 correction signal that has been so determined.

As noted, the sweeps utilised to determine the AGC
correction signals are preferably made at low speed as
has been stated above. The purpose of selecting a low
speed for these sweeps is to ensure that the AGC compen-
sation is effected for actual head velocities near the
termination of a seek movement. As will be clear to
those skilled in the art, mis-matches between the actual
head velocity and demand velocities taken from the
profile will have the gfeatest effect on the velocity
with which the head enters the control region about a
destination track and will accordingly cause the
greatest risk of over shoot or under shoot of the
destination track. For purposes of this disclosure, the
term "low speed" can be defined, for the case in which a
gain ‘change is made for the summing amplifier 66 during
P a seek operation, as a speed taken from the low gain
portion 93 of the profile 91. In the absence of such a
gain change, useful criteria are a speed no greater than
25.4 cms per second (10 inches per second) or a speed
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demand profile. During such sweeps, the actual head velocity is
ured as descri bed above. The denmand velocities for such sweeps are then
sted, by increnenting the demand velocity for novenent in one direction
equal |y decrenenting the demand velocity 15 for novenent in the

othgr direction to obtain a velocity increment which, when added to the
dengnd vel ocity profile during novenent of the servo head in one direction
and jsubtracted from such denand Ve|OCIté profile during nmovenment in the
othegr direction, will 20 cause eq | actual velocities for the two
di rdctions.

corresponding to a number of tracks to go not exceeding

ten.

Velocity Demand Profile Compensation

b While the adaptive AGC gain compensation can be

used by jtself to effect more rapid track settling
characteristics for the magnetic head 28 following a
seek movement to a selected track, it is preferable to
use it in conjunction with a velocity demand profile

10 compensation, which is arranged to adjust at least
central portions of the velocity demand profile in a
manner that will compensate for forces, such as windage
and flex forces, that are exerted on the actuator 32 in
addition to the Lorentz force provided by passing a

5 current through the coil 36.

Thus, it is specifically contemplated that the
adaptive AGC gain compensation of the present invention
may be used in combination with a continuously
adaptive velocity feed forward compensation.

0 Alternatively, the present invention contemplates
velocity demand profile compensation as part of the
start up routines of the data storage device including
the servo circuit 10 in accordance with a method now to
be described.

As in the case of AGC compensation, the service 18
of the disk 12 is zoned and each track on the disk is
assigned to a selected zone. Preferably, such zones are
the same zones for which AGC compensation is effected.
Once such assignment has been made, the magnetic head 28
10 is moved consecutively to each zone and, while the head
28 is in each zone, a velocity increment is determined
in a manner similar to that in which the AGC direction
signal is determined as described above.

In particular, and as illustrated in Figure 3, a
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. The velocity increments are stored in relation to the zones and,

t hereafter,

‘zone,

derived fromthe 25
velocity increnment to at

each time a seek novenent is nmadeto a track in a selected
the seek is carried out with respect to a conpensated velocity

stored velocity demand profil e by adding the
| east portions of the stored profile for seek

novenents in one direction to tracks in the selected zone and subtracting
the velocity increnment from corresponding portions of the stored profile
seek novenents in the oppdE?te direction to a track in the

sel ected zone.

for 30

velocity corresponding to the dashed lines 120 and 122,
for opposite directions of movement of the servo head
28, is selected for making low speed sweeps, as defined
above, in both directions in the zone. Such sweeps are
then effected by entering the D/A value corresponding to
the selected profile velocity in the latch 72 after
disabling summing of the output of the controller 64 in
the signal sent to the power amplifier 88 by opening the
switch 68. During such sweeps, the actual velocity of
the head 28 across the disk surface 18 is measured in
the same manner that has been described above for AGC
compensation and the micro-computer 48 is programmed to
compare the actual velocities so measured during the
sweeps. If the actual velocity for the sweep in the
first direction is lower than the actual velocity in the
second direction, as will often occur for zones near the
edge of the disk, an increment is added to the velocity
taken from the velocity demand profile for a second
sweep in the first direction, by incrementing the D/A
value for the profile velocity, and the same increment
is similarly subtracted from the velocity taken from the
velocity demand profile for a second sweep in the_second
direction. The sweeps are then repeated, with the new
demand velocities, as represented by the new D/A values,
and the actual velocities for the sweeps are again
compared. Incrementing of the demand velocity for a
sweep in the first direction while decrementing the
demand velocity for a sweep in the second direction is
further repeated until the actual velocities are
substantially the same for the sweeps in the two
directions, i.e. until the actual velocities are equal
within the resolution of the actual velocity measure-
ments. The demand velocity increments that had this

result,” for each zone, are then installed in the RAM |
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The present

i nvention thus optim ses the time for magnetic heads of a hard

;disk drive to settle on tracks of disks of the drive follow ng seek
novenents to the 7 tracks. Advantageously, the invention as described
conpensates for bias forces on the actuator of the hard disk drive and
el ectronics offsets during seek novenents

10

24

associated with the micro-processor 48 for use in the
manner that has been indicated in Figures 2 and 4.

In Figure 2, for the case in which the actual
velocity is initially higher in the second direction,
the increment that will cause the low speed sweeps to be
the same for a selected zone has been indicated, for
both sweep directions, by arrows 124 and 126. As shown
in Figure 4, the central portions 93 of the velocity
demand profile, corresponding to the portion at which
seek movements are effected at a low gain for the demand
velocity component of signals supplied to the summing
amplifier 66, is shifted towards higher to D/A values by
amount equal to the stored increment to provide a
compensated velocity demand profile that has been
jindicated generally at 128. Thereafter, all seek
movements to a track in each zone are made in accordance
with the compensated velocity demand profile for that
zone.

As in the case of the AGC compensation, the sweeps
used to determine the increments are made at low speed
as defined above and the use of low speeds for these
sweeps has the same purpose that has been described
above, namely to compensate velocity demand profiles for
terminal portions of a seek movement, in which
velocities for the head 28 that are too high or too low
will incur the greatest risk of over shoot or under
shoot of the destination track by the head 28. However,
it is contemplated that the compensated velocity demand
profile may also be generated for all values of "tracks
to go" for a seek movement. In this case, the increment
determined for a zone will be added to the profile for
seek movements in the first direction and subtracted for
seek movements in the second direction between the disk
continuities 106 and 108 while an adjusted increment
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to tracks on disks of the drive. Further, the invention as descri bed

advant ageousl y conpensates for AGC error arising fromcrowding of servo

‘pat t
vari
The
refe
di ag
in w

B

ern dibits on a disk of a hard disk drive and fromforward gain

at i ons due to such variation as torque 10 constant non-linearities
br esent invention wll be-described further, by way of exanple, wth
ence to the acconpanying drawings, in which: Figure 1 is a schenatic

am of a servo circuit 15 of a. rotating disk dat i
hi ch the 25 g a storage device,

will be added or subtracted, as appropriate, to the
profile for portions of the profile to either side of
the disk continuities. Such adjusted increments are
derived from the increments 124 and 126 by dividing the
5 increments 124, 126 by the ratio of the gain of the
amplifier 66 with respect to demand velocities at the
higher gain to the gain of the amplifier 66 at the lower
gain selected therefor. 1In such case, the compensated
velocity demand profile will differ from the profile 128
10 as shown in dashed lines 130 and 132 in Figure 4.

In the case in which the velocities indicated by
lines 120 and 122 in Figure 3 cause, for a selected
zone, the actual velocity for outwardly directed sweeps
to exceed the actual velocity for inwardly directed
sweeps, a case that is probable for zones near the
spindle 14, increments are added to the velocity
indicated by the lines 120, 122 for subsequent sweeps in
the second direction and subtracted for subsequent
sweeps in the first direction to determine equal
increments indicated by arrows 134 and 136 in Figure 3.
These increments are stored and seek movements to all
tracks in the zone for which the increments 134 and 136
are determined are thereafter made in accordance with a
compensated profile 138 shown in Figure 5. As shown
therein, the compensated velocity demand profile is
founded by shifting D/A values for the central portion
93 of the profile to lower values indicated at 137 by
the amount of the increment 134, 136 so determined. As
in the case described above, compensation can also be

15

20

.*0 effected for all "tracks to go" values that might occur

in a seek movement, such compensation being carried out
in the manner that has been described above.
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met hod of the present invention may be used; Figure 2 is a graph of a

vel ocity demand profile stored in a mcro processor of the servo circuit of
‘Figure 1; 20 Figure 3 illustrates zoning of a servo surface of a
disk of the rotating disk data storage device of Figure 1; Figure 4 is a
graph of a conpenstated velocity demand profile for a zone near the outside
edge of the 25 di sk; and Figure 5 i.s a graph of a conpenstated

vel ocity 26

In the situation in which both the described AGC
compensation and.the described velocity demand profile
compensation of the present invention are used together,
it will be useful to generate both the velocity
increments and the AGC correction signals for each zone
before moving-to the next zone and, further, to do so in
the order: velocity increment followed by AGC cor;ection
signals. In this case, the actual velocity for oppo-
sitely directed sweeps during the AGC compensation will
be equal, and equal to the average of such velocities,

i0 ]
so that only one sweep will be required for each
correction to the AGC reference signal.

5

10

5
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demand profile for a zone near the spindle whereon the disk is nounted. 30

The Servo System Figure 1 illustrates generally the construction of a
: servo circuit, designated by the nunmeral 10, for a rotating- disk
datd storage device. As illustrated therein, the servo circuit 10 conp

‘typi.cal
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CLAIMS

1. A method for controlling a seek movement by a
magnetic head (28) to a selected track (19 to 24) on a
rotating disk (12) of a hard disk drive, in which a
servo system controls the seek movement in accordance
with a comparison of measured actual head velocities and
selected demand velocities of a stored velocity demand
profile, characterised by assigning tracks on the disk
to a plurality of concentric zones (110 to 118) on the

.disk, determining for each of the zones an adjustment

value for use in the comparison for offsetting at least
one out of the selected demand velocities and the
measured actual head velocities, storing the adjustment
values, and employing the adjustment values in the
comparisons made during a seek movement.

2. A method according to claim 1 characterised in that
the determining step comprises generating a control
signal for causing the magnetic head to sweep a selected
zone at a selected demand velocity, generating a
detection signal representing the resulting actual
velocity, measuring the resulting actual velocity by
counting track crossings occurring during a pre-
determined period, incrementally adjusting at least one
of the relationship between the selected demand velocity
and the control signal and the relationship between the
resulting actual velocity and the detection signal,

repeating the generating, measuring and incremental.. ufﬁfy

adjusting steps until the resulting actual veloc1ty
matches the selected demand velocity, and generatlng ‘an
adjustment value representing the total incremental .
adjustment. ”:l'
3. A method according to claim 2 characterised in

Ne,

that the detection signal is generated by AGC means :

ri ses
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di sks, only one of which is shown in Figure 1,and is designated

pynera! 12, that are co-axially nounted on a splndle 14 fgr rota??o;h?n t he
direction of an arrow 16. As is known in the art, the disk surfaces

such as the surface 18 of the disk 12, are provided

coatings so that information can be witten al ong comm, ” uch
as the tracks 19, 20, 22 and 24 partlally i1 lustrated oncthe sur

magneti si ng cpnsecutlve segnments along the tracks in 10 opp05|te
directions using a conventional magneti<” head 28 t hat recei ves' an
electrical current froma conven-

(42), and in that the incremental adjusting step

comprises adjusting an AGC signal.

4. A method according to claim 2 or 3 characterised in

that the control signal comprises a D/A value, and in
5 that the incremental adjusting step comprises adjusting
the D/A value for the selected demand velocity.
5. A method according to any of claims 2 to 4 charac-
terised in that the comparison is made by a summing
amplifier for comparlng signals representing the actual
and demand velocities during a seek movement, the
summing amplifier having an adjustable gain with respect
to the signal representing the demand velocity, and in
that the gain is changed during a seek movement at a
pre—-selected distance corresponding to a particular
demand velocity from the selected track, the selected
demand velocity employed in the determining step being
less than the particular demand velocity at which the

10

15

gain change occurs.

6. A method according to claim 5 characterised in
that the selected demand velocity employed in the
determining step is less than the velocity on the stored
velocity demand profile for a distance of less than ten

20

tracks from the selected track.

7. A method according to any of claims 2 to 6 charac-
25 terised in that the selected demand velocity employed in
' the determining step is less than 25.4 cms per second
(10 inches per second).
8. A method for optimising seeks by a magnetic head
(28) to a selected track (19 to 24) on a rotating disk
(12) of a hard disk drive having a servo system that
effects the seeks in accordance with a comparlson of the
actual head velocities with demand velocities of a
velocity demand profile, the hard disk drive having a

stored -velocity demand proflle, characterised by the -
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tional read/wite circuit (not shown). Thus, by varying the direction of
the current as the disk 12 rotates, consecutive segnents of a track are _

magnetised in 15 opposite directions to record the information that is
contained in the series of current reversals through the f
Subsequently, the information is read by detecting the rraglmllliumuulluu"
occurring along a selected track. 20 For purposés Bbf t * 5 *

illustration, the syrface 18 of the disg 12 is assuned to be a dedi cated
servo surface containing only servo inf Pration that is used by the

steps of: assigning each track on the disk to one of a
plurality of concentric zones (110 to 118) on the disk;
for each zone on the disk determining a velocity
increment that will cause the head to have the same
5 actual velocity for both directions of movement of the
head across the disk once that increment is added to a
demand velocity selected from the stored velocity demand
profile for movement of the head in one direction
across the disk and subtracted from the same selected
10 demand velocity for movement of the head in the opposite
direction across the disk; storing the velocity
increments; and thereafter effecting all seeks in said
one direction to a track in a selected zone in accor-
dance with a compensated velocity demand profile derived
15 from the stored velocity demand profile by adding the
velocity increment for that zone to selected portions of
the stored velocity demand profile and effecting all
seeks in said opposite direction in accordance with a
compensated velocity demand profile derived from the
stored velocity demand profile by subtracting the

?0 velocity increment for that zone from the same selected
portions of the stored velocity demand profile.
9. A method for optimising seeks by a magnetic head
(28) to a selected track (19 to 24) on a rotating disk
i5 . (12) of a hard disk drive having a servo system that

effects the seeks in accordance with a comparison of the
actual head velocities with demand velocities of a
velocity demand profile, wherein the servo system

comprises AGC means (42), responsive to an AGC signal,

for providing an adjustable servo gain for the servo

means with respect to actual velocities of the head

across the disk, and wherein the hard disk drive has a

stored velocity demand profile, characterised by the

steps of: assigning each track on the disk to one of a o

i




servo circuit 10 in a seek node of operation to nove the head 28 from one
track to another, and in a track 25 foll ow ng node of operation to
haintaln the head 28 in radial alignment with a sel ected track. However, it

willibe clear to those skilled in the art that the pre not
limted to the use of a dedicated servo surface for Sﬁm"umﬁ"mﬂﬂ H@‘i
operations. Thus, it js contenplated that the CIrCUIt 10 cantbewno
enbedded servo type wherein servo |nfor§8t|on is interspersed with data

that is stored on tracks of the disks.

plurality of concentric zones (110 to 118) on the disk;
for each zone on the disk, determining a zone AGC signal
that will cause the average of the actual velocities of
the magnetic head for movement of the head within the
zone in opposite directions to be equal to a demand

5
velocity selected from the stored velocity demand
profile; storing indications of the zone AGC signals;
and thereafter, for each seek to a selected data track
in a selected zone, supplying the zone AGC signal for

10 the selected zone to the AGC means.

5
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I n” keepi ng with the assunption that the surface 18 9 is a dedicated
servo surface, information on.the surface 18 of the disk 12 will take the
formof a servo pattern conprising nagnetised dibits that are positioned

both radially and circunferentially to cause generation in 5

the servo

head 28 of signals representing both the radial and circunferenti al
| ocations of the head with
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ABSTRACT

METHOD OF CONTROLLING SEEK MOVEMENTS
BY A MAGNETIC HEAD IN A HARD DISK DRIVE

The present invention provides a method for
controlling a seek movement by a magnetic head (28) to a
selected track (19 to 24) on a rotating disk (12) of a
hard disk drive, in which a servo system controls the
seek movement in accordance with a comparison of actual
head velocities and demand velocities of a stored
velocity demand profile, characterised by assigning
tracks on the disk to a plurality of concentric zones
(110 to 118) on the disk, determining for each of the
zones an adjustment value for use in the comparison for
offsetting differences occurring between selected demand
velocities and the corresponding actual head velocities,
storing the adjustment values, and employing the
adjustment values in the comparisons made during a seek

movement.

o,

[Figure 1]
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respect to the tracks as the disk 12 rotates. A suitable pattern of dibits
and the manner in which the dibits are utilised to generate servo signals
has been described in 10 U S. Patent No. 4,811,135, the teachings ¢‘3
mhich are incorporated herein by reference. The head 28 is supported

adj arent the surface 18 of disk 12 by an arm 30 of an actuator 32 that Is
mount ed on a spindle 34 so that pivoting of the actuator. 15- w || cause
radi al novenent of the head 28 across the disk 12 Suchpivesihg—hs
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of the actuator 32 opposite an end carrying thep1 aﬁdkaﬂk gdnt magnets

(not shown) are positioned about the 20 opp05|te
sideg of the coil 36 in oppositely directed nagn dlcated Q
arro 38 and 40, so that flow of a current thro in one
diregtion causes the head 28 to nove radially outmardly mhlle fl ow of a
currgnt through the coil 36 in 25 the opposite direction causes the

head}28 to nove radially inwardly. Signals generated in the head 28 are

trandmitted toanC Gljpuit 42, ghich Epﬂﬁ??ses a variabl e
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-anpllfler 44 through which the signals are pa§ e@¢haBéﬂReham denodul at er
‘46 which generates position error and track cr Q used to

posit on the head 28 as will be discussed bel o |nvent|
it isjcontenplated that the AGC circuit 42 is of a type eln the g
the gpplifier 44 is varied by 10 continously conparing the maxi rrum A
anpl igfude of the
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signal a¢ the output of the anplifier 44 to_a referen i y
) -processor 48, via a Iatch 47 .and D/ cdﬁﬁﬁ#ﬂ&%ﬂﬂﬂ'§£“‘§steﬁg i {h

a mcro-p
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METHOD OF CONTROLLING SEEK MOVEMENTS
BY A MAGNETIC HEAD IN A HARD DISK DRIVE

The present invention relates to a method for

controlling seek movements by a magnetic head to a
selected track on a rotating disk of a hard disk drive.

A

peripheral commonly used with a computer is a

hard disk drive, in which data generated by the computer
is stored on concentric tracks defined in magnetic
coatings formed'on metallic disks. The rigidity of the
disks permits the data tracks to be closely spaced soO
that the hard disk drive is capable of storing large

amounts

of information. Because of this capacity, the

hard disk drive is becoming increasingly popular with
computer users. Data is written to or read from a
selected track by read/write heads, which are supported
by ‘a pivotal actuator adjacent to disk stacks so that
the heads can be moved across the disks by pa551ng a

current

through a coil provided on the actuator remote

from the heads and immersed in a magnetic field.
In order to write data to a selected track of a
disk, it is necessary to move an associated read/write

head to

the track selected and, similarly, to read data,

it is necessary to move the read/write head to a track

whereon

such data has previously been stored. For these

purposes, the hard disk drive is provided with a servo

circuit

that reads a servo pattern in the data tracks or

.on a dedicated servo disk surface and responds, in a

seek mode of operatlon of the seryo system, to control

the movement to thiptfack %& m{é?ﬁ;% O e
Often, the servo.pattérn’i *used to, génerate a

pattern

error 51gnal 1nd1cat1ve of the location of the

head which: reads thefbaﬁtern (referred to as the servo
head) w1th resPect to the eentres of the tracks, the o

This IS ﬂ'\e Wmam 5‘““‘ Sheet Has Been Reilaced

o 1007 T




genérated by the spokes. In such an AGC circuit, a substantially constant
signal for conparison with the 15 ACGC reference signal can be generated
by a peak detector 52 connected to the output of the variable anplifier 44.
The out put of the peak detector 52 is connected to one input of a
difference anplifier 54, the other input of which receives the reference
signal fromthe mcro- 20 processor 48, and the output of the anplifier
54 is passed to a gain control ternminal of the variable anplifier 44 via
| ow pass filter 56 that renpoves AC conp@nents of the output signal fromthe
anplifier 54.
servo circuit'differentiating the position error signals
to obtain a signal proportional to the radial velocity
of the servo head across the disk, and compelling the
actual velocity of the servo head with velocities stored
as a velocity demand profile in a look up table in a
micro-processor. If the actual velocity at a given
distance from the destination track is lower than the
velocity taken from the velocity demand profile for that
distance, a correction signal is generated and trans-
mitted to a power amplifier which passes a current
through actuator coil in a direction that will tend to
accelerate the head across the disk. Conversely, if the
actual velocity of the servo head is greater than the
demand velocity for a given servo head location, a
current passed through the actuator coil will be in a
direction to decelerate the servo head.
By designing the velocity demand profile to demand
large servo head velocities at large distances from a
destination track and to demand steadily decreasing
velocities as the servo head approaches the destination
track, the servo head can be caused to have a large
acceleration at the start of a seek operation and a
deceleration near the end of the seek operation.
Ideally, this will cause the head to arrive at the track
with a velocity such that the head will rapidly settle
on the track when the servo circuit undergoes a
transition to a track following mode of operation, in
which the servo head is maintained in alignment with the
" track by control 51gqs generated in proportlon to the
position error. signal; ‘and the 1ntegra1 thénebi,;and
trénsmitted to’ the power amplifier.
In practice, this ideal has not hitherto been
achieved” In particular, bias forces are exerted on the
" . heads by air swirling about the disk surfaces and by

This is the replacement sheeg

e 10708 \\\ i i



As described in the aforementioned U S. Patent No. 25 4,811, 135, the
servo pattern shown therein, and illustrated in part on the surface 18,
defines a fine control region about each track on the surface 18 extending
fromthe md point between such track and each of the tracks adjacent
thereto. In this region, for 30 each track, the denodul ator 46
responds to signals received-fromthe variable anplifier 44 by providing on
a conducting path 58 a position error signal that has an anplitude
proportional to the offset of the centr® of the head 28 fromthe centre of

the track associated with
electrical leads by means of which electrical
connections are made to the heads, with the result that
the acceleration and deceleration of the heads will not
be proportional to the difference between the demand and
actual velocities of the heads across the disk.
Moreover, electronic offsets similiarly affect the
relationéhip between head acceleration and deceleration
and the difference in actual and demand velocities.

As a result, the heads do not follow the velocity
demand profile and, accordingly, can arrive at the
destination track with an excessive speed that causes
over shoot of the track or with an insufficient speed
that can cause the head to stall before reaching the
track. In either case, time is consumed in settling the
head on the track sufficiently that reading from or
writing to the track can be commenced. The net result
is a loss of throughput of the hard disk drive. That
is, the average rate at which data can be stored or
retrieved by the computer, with which the hard disk
drive is used, is reduced.

A second effect that results in the loss of
throughput is bit crowding that occurs at inside tracks
on the-disk surface carrying the servo patterns. 1In
many cases, it will be desirable to adjust the gain of
the servo loop by‘providing an AGC circuit that responds
to dibits of the servo pattern that are geometrically
equivalent from one track to another so that, ideally,
measurement of signals produced in the servo head by
such dibits will provide a constant amplitude signal
that can be used for AGC of the loop gain. In practice,
however, geometrical eqgivalents of dibits of the servo
pattern cannot be maintained because of the decreasing
circumferences of the tracks from the edge of the disk
towards the centre thereof. As a result, signals__ . .-
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11 the region. The position error signal is neasured froma servo ground
VSER, which is held as a selected voltage | evel above a circuit ground
establ i shed by the power supply (not shown) for the device | o and which can
5 conveniently be provided by a voltage regul ator (not shown)
cgnnepted across the power supply. Additionally, the denodul ator 46 senses
the timng .

generated in the servo head as dibits of the servo
pattern pass thereunder can superimpose to cause the .
amplitudes of the signals to differ from the amplitudes
of signals that will be produced by isolated servo
pattern dibits. Moreover, because of the variation of
track circumference with radius, the degree of super
position will vary from one track to another.

The net result is that a loop gain that is
appropriate for one track is not appropriate for other
tracks. Thus, if an average loop gain is used for
effecting a seek operation, the diffefentiated position
error signals, to which signals corresponding to the
demand velocities taken from the velocity demand profile
are compared, will not be representative of the actual
velocity of the servo head. Again, long settling times
for the head on a destination track can result to lower
data throughput.

It is an object of the present invention to solve
the problems described above.

In accordance with the present invention, there is
provided a method for controlling a seek movement by a
magnetic head to a selected track on a rotating disk of
a hard disk drive, in which a servo system controls the
seek movement in accordance with a comparison of
measured actual head velocities and selected demand
velocities of a stored velocity demand profile, charac-
terised by assigning tracks on the disk to a plurality
of concentric zones on the disk, determining for each of
the zones an adjustment value for use in the comparison
for oﬁfsetting at least one out of the selecteq demand
velocities and the measured actual head velocities,
storing the adjustment values, and employing the
adjustment values in the comparisons made during a seek

____,_—-
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of bulses generated in the head 28 by the passage of edges of the servo
pattern on the di sk surface 18 under 10 t he head 28, and provides the
down goi ng edge of a square pul se each tinme the head 28 passes froma fine
control region about one track to the fine control region about an adjacent
track. (The geonetry of the pattern that will result in the appropriate
timng has 15 been shown in the aforenentioned U S. Patent No.
4,811, 135). These pulses, referred to herein as track crossing signals,
are provided on a conducting path 62.to % clock termnal of a counter 60
i ncluded in the
In its preferred form, the present invention
provides a method for adjusting both the loop gain and
velocity demand profile adaptively so that the differen-
tiated position error signals to which demand velocity
signals are compared are representative of the actual
velocity of the servo head near the destination track
and the velocity demand profile takes the bias forces
into account to provide an appropriate velocity demand
profile to be compared with actual head velocities.
In the method described below, the tracks on the
surface whereon the servo pattern is written are
assigned to a series of concentric zones and a loop gain
is developed and stored for each of the zones to be used
in making seek movements to tracks in such a zone. 1In
particular, an average loop gain is first determined by
programming a micro-processor to call for long sweeps
back and forth along the disk as part of the start up
procedure for the hard disk drive.. The demand velocity
for such sweeps is selected to be substantially the
maximum speed for the servo head during a seek movement
and the actual average speed, as determined by differen-
tiating the ﬁosition error signals, is measured by
determining the time required for the head to cross a
selected number of tracks. The average loop gain,
expressed as an AGC reference level, is then selected so
that the average velocity for such sweeps equals the
maximum speed called for by the micro-processor. There-
after, the servo head is moved to each zone in turn and
low speed sweeps are made in opposite directions to
determine an AGC correction that will cause the average
of the actual velocities for two oppositely directed
sweeps to be the same as the demand velocity called for
to effect the sweeps. Again, the actual velocities are
measured by measuring the time for the head to traverse
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nicfo-processor 48 so that, during a seek operation, the 20 nunber of
tracks remaining to conpletion of the seek operation may be continuously
mai ntai ned in the counter 60, by entering the binary conplenment of the
nunber of tracks the head is to be noved and subsequently clocking the
counter 60 with the track crossing signals. The 25 di rection of
novenment is determned in a manner that will become clear below The
position error signal is transmtted to a proportioning integrating
fﬁgtroller 64 whose out put constitutes ®ne conponent, proportional to both

a selected number of the tracks. The AGC corrections

are then saved in the look up table and the average AGC

level is adjusted, by adding the correction each time a

seek movement is made to a track in the zone for which

the direction is determined. e '

For adjusting the velocity demand profile, as
described below, the disk is again zoned, and low speed
sweeps in opposite directions are made in each zone for
a selected demand velocity taken from the velécity
demand profile. During such sweeps, the actual head
velocity is measured as described above. The demand
velocities for such sweeps are then adjusted, by
incrementing the demand velocity for movement in one
direction and equally decrementing the demand velocity
for movement in the other direction to obtain a velocity
increment which, when added to the demand velocity
profile during movement of the servo head in one
direction and subtracted from such demand velocity
profile during movement in the other direction, will
cause equal actual velocities for the two directions.

The velocity increments are stored in relation to the
zones and, thereafter, each time a seek movement is made
to a track in a selected zone, the seek is carried out
with respect to a compensated velocity derived from the
stored velocity demand profile by adding the velocity
increment to at least portions of the stored profile for
seek movements in one direction to tracks in the
selected zone and subtracting the velocity increment
from corresponding portions of the stored profile for
seek movements in the opposite direction to a trgck in
the selected zone.

The present invention thus optimises the time for
magnetic heads of a hard disk drive to settle on tracks
of disks of the drive following seek movements to the
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30 position error signal and the integral thereof, of a correction
signal supplied to a sunmmng anplifier 66 during operation of the servo
circuit 10 in the track followi ng node. An electronic switch 68, controlled
by the mcro-processor 48 is closed during such operation, 12 and for a
reason to become clear below, opened during a seek operation fromone track

t o anot her.

The position

tracks.

Advantageously, the invention as described
compensates for bias forces on the actuator of the hard
disk drive and electronics offsets during seek movements
to tracks on disks of the drive. '

Further, the invention as described advantageously
compensates for AGC error arising from crowding of servo
pattern dibits on a disk of a hard disk drive and from
forward gain variations due to such variation as torque
constant non-linearities.

The present invention will be described further,
by way of example, with reference to the accompanying
drawings, in which:

Figure 1 is a schematic diagram of a servo circuit
of a fotating disk data storage device, in which the
method of the present invention may be used;

Figure 2 is a graph of a velocity demand profile
stored in a micro processor of the servo circuit of
Figure 1;. .

Figure 3 illustrates zoning of a servo surface of
a disk of the rotating disk data storage device of Figure
1;

Figure 4 is a graph of a compenstated velocity
demand profile for a zone near the outside edge of the
disk; and _

Figure 5 is a graph of a compenstated velocity
demand profile for a zone near the spindle whereon the

disk is mounted.

The Servo System

Figure 1 illustrates generally the constructlon of
a typical servo circuit, designated by the numeral 10,
for a rotating disk data storage device. As illustrated
therein, the servo circuit 10 comprises a blurality of

—
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error signal fromthe denodul ator 46 is also transmtted to a
differentiator 70, which continually provides a 5 si gnal ,
corresponding to the actual radial velocity of the head 28 across the
surface 18, to the summ ng anplifier 66 to nodify the basic proportioning
control schene of operation of the circuit 10 during track following and to
ef fect seek operations fromone track 10 to another in a manner to be
described below. In addition to the signals received fromthe controller 64
and differentiator 70, the summ ng anpligier 66 receives a velocity denand
signal, utilised

disks, only one of which is shown in Figure 1 and is
designated by the numeral 12, that are co-axially
mounted on a spindle 14 for rotation in the direction of
an arrow 16. As is known in the art, the disk surfaces,
such as the surface 18 of the disk 12, are provided with
magnetised coatings so that information can be written
along concentric tracks, such as the tracks 19, 20, 22
and 24 partially illustrated on the surface 18; by
magnetising consecutive segments along the tracks in
opposite directions using a conventional magnetic head
28 that receives an electrical current from a conven-
tional read/write circuit (not shown). Thus, by varying
the direction of the current as the disk 12 rotates,
consecutive segments of a track are magnetised in
opposite directions to record the information that is
contained in the series of current reversals through the
head 28. Subsequently, the information is read by
detecting the magnetic reversals occurring along a
selected track.

For purposes of illustration, the surface 18 of
the disk 12 is assumed to be a dedicated servo surface
containing only servo information that is used by the
servo circuit 10 in a seek mode of operation to move the
head 28 from one track to another, and in a track
following mode of operation to maintain the head 28 in
radial alignment with a selected track. However, it
will be clear to those skilled in the art that the
present invention is not limited to the use of a
dedicated servo surface for carrying out these
operations. Thus, it is contemplated that the g¢ircuit
10 can be of the embedded servo type wherein servo
information is interspersed with data that is stored on
tracks of the disks.

In keeping with the assumption that the surface i8
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in effecting a seek operation, fromthe m cro-processor 15 48 via a
katch 72 and a D) A converter 74. The velocity demand signal is received at
a resistor 76 and, additionally, at an electronic switch 78 and series
resistor 80, in parallel with the resistor 76, so that the gain of the

summ ng anplifier 66, wth respect to 20 the velocity demand si gnal
can be varied by opening the switch 78, for |Iow gain, or closing the switch
78, for C high gain, in response to a signal provided by the

m cro-processor 48. The summing anplifi%®r 66 conprises an operational

is a dedicated servo surface, information on the surface
18 of the disk 12 will take the form of a servo pattern
comprising magnetised dibits that are positioned both
radially and circumferentially to cause generation in
the servo head 28 of signals representing both the
radial and circumferential locations of the head with
respect to the tracks as the disk 12 rotates. A suitable
pattern of dibits and the manner in which the dibits are
utilised to generate servo signals has been described in
U.S. Patent No. 4,811,135, the teachings of which are
incorporated herein by reference.

The head 28 is supported adjacent the surface 18
of disk 12 by an arm 30 of an actuator 32 that is
mounted on a spindle 34 so that pivoting of the actuator
will cause radial movement of the head 28 across the
disk 12. Such pivoting is effected by passing an
electrical current through a coil 36 mounted on an end
of the actuator 32 opposite an end carrying the head 28.
Permanent magnets (not shown) are positioned about the
coil 36 to immerse opposite sides of the coil 36 in
oppositely directed magnetic fields, indicated by arrows
38 and 40, so that flow of a current through the coil 36
in one direction causes the head 28 to move radially
outwardly while flow of a current through the coil 36 in
the opposite direction causes the head 28 to move
radially inwardly.

Signals generated in the head 28 are transmitted
to an AGC circuit 42, which comprises a variable
amplifier 44 through which the signals are passed to a,
demodulater 46 which generates position error and track
crossing signals used to position the head 28 as,will be
discussed below. In the present invention, it is
contemplated that the AGC circuit 42 is of a type
wherein the gain of the amplifier 44 is varied by
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25 anplifier 82 having a feedback resistor 84 connected between the
out put of the operational anplifier 82 and the inverting input thereof in
order, in conmbination with the resistors 76 and 80 and resistors 86 and 87,
to fix the gains of the signals received by the anplifier 30 66. The
non-inverting input of the operational anplifier 82 is connected to the
servo ground. The output of the sumnmng anplifier 66 is provided to the

i nput of a transconductance power anplifier 88, which drives a current
through the coil 36 of the actuator 32 19

continously comparing the maximum amplitude of the
signal at the output of the amplifier 44 to a reference
signal supplied to a micro-processor 48, via a latch 47
and D/A converter 49. Consistent with this AGC approach,
the dibits written to the disk surface 18 include
radially overlapping elements that form spokes 50
extending across all the tracks on the disk surface so
that, in principle, pulses having the same amplitude for
all tracks on the disk will be generated in the head 28
each time a spoke passes under the head 28 and, further,
_ other pulses generated by the head 28 will have
amplitudes no larger than the amplitudés of the signals
generated by the spokes. In such an AGC circuit, a
substantially constant signal for comparison with the
AGC reference signal can be generated by a peak detector
52 connected to the output of the variable amplifier 44.
The output of the peak detector 52 is connected.to one
input of a difference amplifier 54, the other input of
which receives the reference signal from the micro-
processor 46, and the output of the amplifier 54 is
passed to a gain control terminal of the variable
amplifier 44 via low pass filter 56 that removes AC
components of the output signal from the amplifier 54.
As described in the aforementioned U.S. Patent No.
4,811,135, the servo pattern shown therein, and
illustrated in part on the surface 18, defines a fine
control region about each track on the surface 18
extending from the mid point between such track and each
of the tracks adjacent thereto. 1In this region, for
each track, the demodulator 46 responds to signals
received from the variable amplifier 44 by proviaing on
a conducting path 58 a position error signal that has an
amplitude proportional to the offset of the centre of

the head 28 from the centre of the track associated yiph///’f//f
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13 in proportion to the output signal received fromthe summ ng anplifier

66.

In addition,

the circuit 10 conprises a conparator 90 that receives the

servo ground at its non-inverting 5 i nput and the signal fromthe DA

converter 74 at its inverting input,

ground as part of the start up routine of the data storage device
containing the servo circuit 10. To this

11

the region. The position error signal is measured from
a servo ground VSER, which is held as a selected voltage
level above a circuit ground established by the power
supply (not shown) for the device 20 and which can
conveniently be provided by a voltage regulator (not
shown) connected across the power supply.

Additionally, the demodulator 46 senses the timing
of pulses generated in the head 28 by the passage of
edges of the servo pattern on the disk surface 18 under
the head 28, and provides the down going edge of a
square pulse each time the head 28 passes from a fine
control region about one track to the fine control
region about an adjacent track. (The geometry of the
pattern that will result in the appropriate timing has
been shown in the aforementioned U.S. Patent No.
4,811,135). These pulses, referred to herein as track
crossing signals, are provided on a conducting path 62
to a clock terminal of a counter 60 included in the
micro-processor 48 so that, during a seek operation, the
number of tracks remaining to completion of the seek
operation may be continuously maintained in the counter
60, by entering the binary complement of the number of
tracks the head is to be moved and subsequently clocking
the counter 60 with the track crossing signals. The
direction of movement is determined in a manner that
will become clear below.

The position error signal is transmitted to a
proportioning integrating controller 64 whose output
constitutes one component, proportional to both the
position error signal and the.integral thereof, of a
correction signal supplied to a summing amplifier 66
during operation of the servo circuit 10 in the track
following mode. An electronic switch 68, controlled by

the micro-processor 48 is closed during such operation,

to permt neasurenent of the servo
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end, the mcro-processor is progranmed to output, during 10 start up,
succession of digitally expressed nunbers that correspond to different

velocities to be denanded of the head 28 during a seek operation, and to
nonitor the output of the conparator 90 on a conducting path 92. The D A
converter 74 converts these nunbers, referred to 15 herein after as
D) A values, to electrigcal signals having voltages, with respect to the

system ground, propor- tional to the nunber in the latch 72. The vol tage

| evel of the servo ground is selected sd2that a digitally expressed nunber

substantially at the m d-point of the

and for a reason to become clear below, opened during a
seek operation from one track to another. The position
error signal from the demodulator 46 is also transmitted
to a differentiator 70, which conﬁinually provides a
signal, corresponding to the actual radial velocity of
the head 28 across the surface 18, to the summing
amplifier 66 to modify the basic proportioning'control
scheme of operation of the circuit 10 during track
following and to effect seek operations from one track
to another in a manner to be described below.

In addition to the signals received from the
controller 64 and differentiator 70, the summing
amplifier 66 receives a velocity demand signal, utilised
in effecting a seek operation, from the micro-processor
48 via a latch 72 and a D/A converter 74. The velocity
demand signal is received at a resistor 76 and,
additionally, at an electronic switch 78 and series
resistor 80, in parallel with the resistor 76, so that
the gain of the summing amplifier 66, with respect to
the velocity demand signal, can be varied by opening the
switch 78, for low gain, or closing the switch 78, for
high gain, in response to a signal provided by the
micro-processor 48.

The summing amplifier 66 comprises an operational
amplifier 82 having a feedback resistor 84 connected
between the output of the operational amplifier 82 and
the inverting input thereof in order, in combination
with the resistors 76 and 80 and resistors 86 and 87, to
fix the gains of the signals received by the amplifier
66. The non-inverting input of the operational
amplifier 82 is connected to the servo ground. ihe
output of the summing amplifier 66 is provided to the
input of a transconductance 88 power amplifier 88, which
drives a current through the coil 36 of the actuator 32
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20 range expressible in the latch 72 will, in view of the connection
of the non-inverting input of the operational anplifier 82 of the sunm ng
anplifier 66 to the servo ground, represent a zero denmand velocity for the
head 28 across the surface 18. Hi gher nunbers in the latch 72 25 wil |
result in a velocity demand signal to the anplifier 66 tending to drive the
head 28 in one direction across the surface 18 and | ower nunbers wl |

result in a velocity demand signal tending to drive the head in the
opposite direction across the surface 18 30-

in proportion to the output signal received from the
summing amplifier 66.

In addition, the circuit 10 comprises a comparator
90 that receives the servo ground at its non-inverting
input and the signal from the D/A converter 74 at its
inverting input, to permit measurement of the servo
ground as part of the start up routine of the data
storage device containing the servo circuit 10. To this
end, the micro-processor is programmed to output, during
sﬁart up, a succession of digitally expressed numbers
that correspond to different velocities to be demanded
of the head 28 during a seek operation, and to monitor
the output of the comparator 90 on a conducting path 92.
The D/A converter 74 converts these numbers, referred to
herein after as D/A values, to electrical signals having
voltages, with respect to the system ground, propor-
tional to the number in the latch 72. The voltage level
of the servo ground is selected so that a digitally
expressed number substantially at the mid-point of the
range expressible in the latch 72 will, in view of the
connection of the non-inverting input of the operational
amplifier 82 of the summing amplifier 66 to the servo
ground, represent a zero demand velocity for the head 28
across the service 18. Higher numbers in the latch 72
will result in a velocity demand signal to the amplifier
66 tending to drive the head 28 in one direction across
the surface 18 and lower numbers will result in a
velocity demand signal tending to drive the head in the
opposite direction across the surface 18.

Velocity Demand Profile

Figure 2 illustrates a typical velocity demand
profile, generally indicated by the reference numeral 91
and stored in the look up table in the micro-processor
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Vel ocity Demand Profile Figure 2 illustrates a typical velocity demand
profile, generally indicated by the reference nuneral 91 and stored in the
| ook up table in the mcro-processor 14 48, by means of which the servo
circuit controls novenent of the head 28 fromone track to another track
that is, to a destination track represented by the

14

48, by means of which the servo circuit controls
movement of the head 28 from one track to another track,
that is, to a destination track represented by the

central vertical axis 94 of Figure 2.

Such movements are effected by outputting a
succession of demand velocities, expressed as D/A values _
shown on the axis 94, to the latch 72 for conversion to
an analog signal by the D/A converter 74 and for trans-
mission to the summing amplifier 66 as discussed above.

As noted above, a D/A value larger than that selected

for the servo ground will cause the summing amplifier 66
to.provide a signal to the power amplifier 88 that tends

to cause the head to be moved in one direction, while a

D/A value smaller than that selected for the servo

ground tends to cause the head to move in the opposite
direction. As a result, the output of profile

velocities on a tracks to go basis measured from the
destination track will tend to move the head 28 across

the surface 18 in a direction towards the destination
track. _

For purposes of illustration, it will be assumed
herein that movement of the head 28 in a first direction
towards the ouier edge of the disk 12 is occasioned by
increasing the D/A value to the latch 72, while
decreasing the D/A value results in movement of the head
28 in a second direction away from the outer edge of the
disk.

The D/A values are correlated with velocities to
be demanded for the head 28 across the disk in physical
units, such as centimetres (or inches) per second.
Additional vertical axes 96 and 97, indicating demand
velocities in physical units for movement in the first
airection, have been included in Figure 2. Similarly,
axes 98 and 99 have been included for the second

—_— .
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central
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vertical axis 94 of Figure 2. 5
effected by outputting a succession of demand velocities,
val ues shown on the axis 94,
by the DY A converter 74 and for trans-

Such novenents are
expressed as DA
to the latch 72 for conversion to an anal og

m ssion to the summ ng

anplifier 66 as di scussed above. 10 As noted above, a D/ A val ue |arger

than that selected for the servo ground w ||

cause the summ ng anplifier 66

to provide a signal to the power anplh ier 88 that tends to cause the head

to be noved in one direction, while a

for the servo

direction to provide a basis for a discussion of the
correlations.

Initially, it is noted that the velocity demand
profile, in physical velocity units versus number of
tracks to go in making a seek movement to a selected
destination track, can be obtained for purposes of the
present invention in any conventional manner so that
only a qualitative discussion of the manner in which the
profile is obtained will be given. 1In general, the
velocity demand profile is obtained by modelling the
mechanical and electrical properties of -the rotating
disk data storage device and selecting velocities for
the profile that will cause the head to have an initial
high acceleration towards the destination track followed
by a period, for long seek movements, in which the head
has a selected constant maximum speed that is indicated
by flat portions 100 and 102 of the profile. 1In a final
portion of the seek movement, demand velocities are
steadily decreased to cause a controlled deceleration of
the head 28 that will cause the head 28 to enter the
fine control region about the destination track with a
speed that will facilitate rapid settling of the head
onto the destination track after a transition to the
track following mode of operation of the servo circuit
10. |

Seek operations are then effected via the
comparision of the demand velocity, which is continually
updated at the 1atch~72, and the actual velocity of the
head 28, which is indicated by the differentiator 70.
(The switch 68 is open during seek operations so that
the current through the coil 36 is proportional sodlely
to the difference in actual and demand velocities of the
head 28. Following the trapsition to find control,
occurring a selected time after entry of the head 18
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15 ground tends to cause the head to nove in the opposite direction. As
a result, the output of profile velocities on a tracks to go basis neasured
fromthe destination track will tend to nove the head 28 across the surface
18 in a direction towards the destination 20 track. For purposes of
illustration, it will be assuned herein that novenent of the head 28 in a
first direction towards the outer edge of the disk 12 is occasi oned by
increasing the D)A value to the latch 7% while 25 decreasing the DA
val ue results in novenent of the head 6

into the control region about the destination track, the
switch 68 is closed and the D/A value in the latch 72 is
set to a zero demand velocity or, preferably, to a
position feed forward value.

In order to correlate demand velocities in
physical units with demand velocities in D/A values, D/A
values are selected for the maximum speed to be demanded
of the head across the disk in both directions. For
example, if the latch 72 is a nine bit latch and the
servo ground is at a level 256, the D/A values for the
maximum speed might be chosen as fifty six for maximum
speed of the head in the second direction and 456 for
maximum speed in the first direction. The micro-
processor is programmed to transmit each of these D/A
values to the latch 72 as part of the start up routine
for the circuit 10, and to measure the actual velocity
that each D/A value will produce by counting track
crossing signals received by the counter 60 of the
micro-processor 48 for a selected time interval. The
gain of the AGC circuit 42 is adjusted in consecutive
high speed sweeps until the velocity so determined for
the selected D/A values is substantially the maximum
veiocity, in either direction, that the head is to
achieve in a seek movement. The signal transmitted from
the micro-processor 48 to the AGC circuit 44 during
these high speed sweeps will be referred to herein as
the average AGC signal for the circuit 10. . Thereafter,
in accordance with the teachings of the prior art, seek
movements are made by outputting D/A values to the latch
72 and D/A converter 74 in accordance with the stored
velocity demand profile that has been illustrated in
Figure 2, while the switch 68 is held open by the micro-

processor 48. _
Before proqeeding, it will be useful to the
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28 in a second direction away fromthe outer edge of the disk. The DA
values are correlated with velocities to be demanded for the head 28 across
the disk in physical 30 units, such as centinetres (or inches) per
second. Additional vertical axes 96 and 97, indicating demand velocities in
physical units for movement in the first direction, have been included in
Figure 2. Simlarly, axes 98 and 99 have been.included for the second

17

characteristics of the stored velocity demand profile
established in this manner, initially the profile is
symmetrical with respect to both direction of movement
of the head 28 and D/A values measured from the servo
ground level, as indicated by the horizontal axis 104.
Thus, during seek movements in accordance with the prior
art, the micro-processor 48 calls for demand velocities
without regard to effects which might vary appropriate
AGC levels across the disk, and without regard to forces
on the actuator 32 in addition to the Lorentz force on
the coil 36 produced by passing therethrough a current
from the amplifier 88.

Since the actual velocity of the head 28 is
determined from signals that are passed through the AGC
circuit 42, an inappropriate AGC level, obtained as
described above, can cause the head 28 to enter the
control region about the destination track represented
by the axis 94 with an actual velocity that is higher or
lower than the velocity indicated by the velocity demand
profile. 1In the first case, excessive over shoot of the
track can occur with the result that the head must be
pulled back to the track by the controller 64 and
differentiator 70 after a transition to the track
following has been effected by closing the switch 68.

In the second case, under shoot of the track will occur
so that the controller 64 and differentiator 70 must
pull the head to the destination track after the
transition has occurred. In either case, reading of
data from or writing of data to a track (not shown),
aligned with the destination track on a separate disk
surface, must be delayed until settling of the head 28
ofi*the destination track has occurred. )

Similarly, forces on the actuator 32 can cause the
actual velocity of the head 28 to fail to follow the

Thie is the replacement shoet | |
10 0CT 19%

This Sheet Has Been Rerlaced

Date:



15 direction to provide a basis for a discussion of the correlations.
tnitially, it is noted that the velocity demand profile, in physical
velocity units versus nunber of 5 tracks to go in making a seek
novenment to a selected destination track, can be obtained for purposes of
the present invention in any conventional manner so that only a qualitative
di scussion of the manner in which the profile is obtained will be given

In general, the 18 '

demand velocity because of inappropriate correction
signals from the summing amplifier 66 to the power
amplifier 88. That is, the model used to derive the
velocity demand profile is inapplicable where these
forces are not taken into account. As a result, the
velocity of the head 28 at the time of entry into the
fine control region about the destination track may be
too large or too small for the head to be optimally
,brought'into alignment with the destination track
following the transition to the track following mode of
operation of the circuit 10. Again, the result is
excessive over shoot or under shoot producing an
excessive delay in reading from or writing to the
destination track, caused by a need for the head 28 to
be brought substantially into radial alignment with the
destination track prior to writing data thereon or
reading data therefrom.

A second feature of the velocity demand profile is
the presence of discontinuities 106 and 108 near the
destination track. (For clarity of illustration, the
velocity demand profile 91 has not been drawn to scale.
Thus, for example, the velocity of the head 28 at the
discontinuities 106 and 108 is typically about 2% of the
maximum velocity during a seek movement). In the
preferred mode of performing a seek operation, it is
desirable that the gain of the summing amplifier 66 with
respect to the demand velocity be high for large head
distances from the destination track to ensure that the
signals from the amplifier 66 will have a sufficient
magnitude to cause the head to reach its maximum speed
rapidly. On the other hand, - resolution of demand
velocities becomes more importan£ near the destination
track to permit fine adjustment of the speed of the head
28 as it nears the track. .

——————
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10 velocity demand profile is obtained by nodelling the nmechani cal

el ectri cal

selecting velocities for the profile that wll

properties of the rotating disk data storage device and

initial high acceleration towards the destination track foll owed 15

a period,

const ant maxi num speed t hat

for I ong seek novenents, in which the head has a sel ected
I's indicated by flat portions 100 and 102 of

and

cause the head to have an

by

the profile. 1In a final portion of th eek nmovenent, denmand velocities

are steadily decreased to cause a controlled decel eration of 20

28 that will cause the head 28 to enter the

Both of these considerations are met by changing
the gain of the amplifier 66, with respect to the demand
velocity received from the micro-processor 48, as the
head 28 approaches the destination track. High gain, in
initial portions of the seek movement, is effected by
closing the switch 78 during such initial portions, to
place the resistors 76 and 80 in parallel. Since the
gain of the summing amplifier, for each signal to be
added, is the ratio of the feedback resistance, i.e. the
resistance of the resistor 84, to the resistance through
which such signal is introduced into the non-inverting
input of the operational amplifier 82, the parallel
connection of the resistors 76 and 80 increases the gain
of the amplifier 66 with respect to the demand velocity.
Correspondingly, opening the switch 78 when the head 28
is near the destination track reduces the gain of the
amplifier 66 with respect to the demand velocity. Such
gain transition for the summing amplifier can
conveniently be selected to occur at, for example, six
tracks to go in the éxecution of a seek movement.

The axes 96 and 98 indicate the demand velocity in
physical units for portions of the velocity demand
profile that are implémented at high summing amplifier
gain and the axes 97 and 99 indicate the demand velocity
in physical units for a central portion 93 of the
velocity demand profile that is implemented at low

summing amplifier gain.

Adaptive AGC Gain Compensation

As noted above, one aspect of the present
invention is to adjust the gain of the servo circuit 10
adaptively to ensure that the AGC level utilised during
seek operations will cause the actual velocity of the
head 28 to follow the demand velocity for portions of a
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fine control region about the destination track with a speed that wll
facilitate rapid settling of the head onto the destination track after a
transition to the track foll ow ng node of operation of the servo circuit 25
10. Seek operations are then effected via the conparision of the demand

vel ocity, which is continually updated at the latch 72, and the actual
velocity of the head 28, which is indicated by the dlfferentlator 70. 30
(The switch. 68 is open during seek operations so that the current through
the coil 36 is proportional solely 20

seek movement near the destination track. To this end,
the tracks on the surface 18 of the disk 12 are each
assigned to one of a plurality of concentric zones that
have been indicated as 110, 112, 114, 116 and 118 in
Figure 3. (For clarity of illustration, only five zones
have been shown in Figure 3). An AGC level, that will
ensure that actual and demand velocities have the same
value will result in substantially equal inputs to the
summing amplifier 66 from the differentiator 70 and D/A
converter .74 is then determined for each zone as will
now be described. _

As part of the start up routine programmed into
the micro-processer 46, the head 28 is moved consecu-
tively to each zone and, while the head is in each zone,
low speed sweeps are made in both directions across the
disk for a selected demand velocity, taken from the
velocity demand profile, that has been indicated by the
dash line 120 in Figure 2, for a sweep in the first
direction and by the dashed line 122 for a sweep in the
second direction. Such sweeps are effected by entering
the D/A value corresponding to the selected profile
velocity in the latch 72 after disabling summing of the
output of the controller 64 in the signal sent to the
power amplifier 88 by opening the switch 68.

During each of these sweeps, the current of sixty
counts track crossings for a selected time period so
that the actual velocity of the sweep is, in effect,
measured for both sweeps, such velocity being directly
proportional to the number of tracks that are crossed.
The micro-computer is programmed to compare the average
of these actual velocities to the value of the sélected
velocity taken from the velocity demand profile and, if
the average of the actual velocities is lower than the
selected velocity, to increment the AGC signal supplied _
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to the difference in actual and demand velocities of the head 28. Foll ow ng
the transition to fine control, occurring a selected tine after entry of
the head 28 16 into the control region about the destination track, the
switch 68 is closed and the D)A value in the latch 72 is set to a zero
demand vel ocity or, preferably, to a position feed forward val ue.

21

to the AGC circuit 42 via the latch 47 and D/A converter
49. If the average of the actual velocities exceeds the
selected demand velocity, the AGC signal supplied to the
AGC circuit 42 is decremented.

such adjustments of the AGC signal are continued
until the average of the actual velocities is substan-
tially equal to the selected demand velocity. The
increment or decrement that has this result is then
saved in a RAM (not shown) that provides a memory for
the micro-processor 48 at an AGC correction signal for
the zone. Thereafter, each time a seek movement to a
track in a selected zone is made, the AGC signal
supplied to the AGC circuit 42 is adjusted to the sum of
the average of the AGC reference signal and the
correction signal that has been so determined.

As noted, the sweeps utilised to determine the AGC
correction signals are preferably made at low speed as
has been stated above. The purpose of selecting a low
speed for these sweeps is to ensure that the AGC compen-
sation is effected for actual head velocities near the
termination of a seek movement. As will be clear to
those skilled in the art, mis-matches between the actual
head velocity and demand velocities takeh from the
profile will have the greatest effect on the velocity
with which the head enters the control region about a
destination track and will accordingly cause the
greatest risk of over shoot or under shoot of the
destination track. For purposes of this disclosure, the
term "low speed" can be defined, for the case in which a
gain ‘change is made for the summing-amplifier 66 during
a seek operation, as a speed taken from the low'éain
portion 93 of the profile 91. 1In the absence of such a
gain change, useful criteria are a speed no greater than
25.4 cms per second (10 inches per second) or a speed
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5 In order to correlate demand velocities in physical units

wi th demand velocities in DA values, D/ A values are selected for the
maxi nrum speed to be denanded of the head across the disk in both
directions. For exanple, if the latch 72 is a nine bit latch and the 10
servo ground is at a |level 256, the D/A values for the maxi mum speed m ght
be chosen as fifty six for maxi num speed of the head in the second
direction and 456 for maxi mum speed in the first direction. The micro-
processor is programmed to transnit- eagdh of these DJA 15 val ues to the
| atch 72 as part of the start up routine

corresponding to a number of tracks to go not exceeding

ten.

Velocity Demand Profile Compensation

While the adaptive AGC gain compensation can be
used by itself to effect more rapid track settling
characteristics for the magnetic head 28 following a
seek movement to a selected track, it is preferable to
use it in conjunction with a velocity demand profile
compensation, which is arranged to adjust at least
central portions of the velocity demand profile in a
manner that will compensate for forces, such as windage
and flex forces,. that are exerted on the actuator 32 in
addition to the Lorentz force provided by passing a
current through the coil 36.

Thus, it is specifically contemplated that the
adaptive AGC gain compensation of the present invention
may be used in comblnatlon with a continuously
adaptive velocity feed forward compensation.

Alternatively, the present invention contemplates
velocity demand profile compensation as part of the
start up routines of the data storage device including
the servo circuit 10 in accordance with a method now to

be described.

As in the case of AGC compensation, the service 18
of the disk 12 is zoned and each track on the disk is
assigned to.a selected zone. Preferably, such zones are
the same zones for which AGC compensation is effected.
Once such assignment has been made, the magnetic head 28
is moved consecutively to each zone and, while the head
28 is in each zone, a velocity increment is determined
in a manner similar to that in which the AGC direction
signal is determined as described above.

In particular, and as illustrated in Fiqure 3, a
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for the circuit 10, and to neasure the actual velocity that each D/ A val ue
W Il produce by counting track crossing signals received by the counter 60
of the mcro-processor 48 for a selected tine interval. The 20 gai n of
the AGC circuit 42 is adjusted in consecutive high speed sweeps until the
velocity so determned for the selected YA values is substantially the
maxi mum vel ocity, in_either direction, that the head is to achieve in a
seek novenent. The signal transmtted from 25 the m cro-processor 48
Lo the AGC circuit 42 during these hi g8 speed sweeps will be referred to
erein as ' '

velocity corresponding to the dashed lines 120 and 122,
for opposite directions of movement of the servo head
28, is selected for making low speed sweeps, as defined
above, in both directions in the zone. Such sweeps are
then effected by entering the D/A value corresponding to
the selected profile velocity in the latch 72 after
disabling summing of the output of the controller 64 in
the signal sent to the power amplifier 88 by opening the
switch 68. During such sweeps, the actual velocity of
the head 28 across the disk surface 18 is measured in
the same manner that has been described above for AGC
compensation and the micro-computer 48 is programmed to
compare the actual velocities so measured during the
sweeps. If the actual velocity for the sweep in the
first direction is lower than the actual velocity in the
second direction, as will often occur for zones near the
edge of the disk, an increment is added to the velocity
taken from the velocity demand profile for a second
sweep in the first direction, by incrementing the D/A
value for the profile velocity, and the same increment
is similarly subtracted from the velocity taken from the
velocity demand profile for a second sweep in the second
direction. The sweeps are then repeated, with the new
demand velocities, as represented by the new D/A values,
and the actual velocities for the sweeps are again
compared. Incrementing of the demand velocity for a
sweep in the first direction while decrementing the
demand velocity for a sweep in the second direction is
further repeated until the actual velocities are
substantially the same for the sweeps in the two
directions, i.e. until the actual velocities are équal
within the resolution of the actual velocity measure-
ments. The demand velocity increments that had this
result,  for each zone, are then installed in the RaM
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the average AGC signal for the circuit 10. Thereafter, in accordance with
the teachings of the prior art, seek novenents are nade by outputting DA
values to the latch 30 72 and D/ A converter 74 in accordance with the
stored velocity demand profile that has been illustrated in Figure 2, while
the switch 68 is held open by the mcro- processor 48. Before proceeding,

it wll be useful to explain the

24

associated with the micro—-processor 48 for use in the
manner that has been indicated in Figures 2 and 4.

In Figure 2, for the case in which the actual
velocity is initially higher in the second direction,
the increment that will cause the low speed sweeps to be
the same for a selected zone has been indicated, for
both sweep directions, by arrows 124 and 126. As shown
in Figure 4, the central portions 93 of the velocity
demand profile, corresponding to the portion at which
seek movements are effected at a low gain for the demand
velocity component of signals supplied to the summing
amplifier 66, is shifted towards higher to D/A values by
amount equal to the stored increment to provide a
compensated velocity demand profile that has been
indicated generally at 128. Thereafter, all seek
movements to a track in each zone are made in accordance
with the compensated velocity demand profile for that
zone. s

As in the case of the AGC compensation, the sweeps
used to determine the increments are made at low speed
as defined above and the use of low speeds for these
sweeps has the same purpose that has been described
above, namely to compensate velocity demand profiles for
terminal portions of a seek movement, in which
velocities for the head 28 that are too high or too low
will incur the greatest risk of over shoot or under
shoot of the destination track by the head 28. However,
it is contemplated that the compensated velocity demand
profile may also be generated for all values of "tracks
to go" for a seek movement. In this case, the increment
determined for a zone will be added to the profile for
seek movements in the first direction and subtracted for
seek movements in the second direction between the disk
continuities 106 and 108 while an adjusted increment
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17 characteristics of the stored velocity demand profile established in
this manner. Initially the profile is symmetrical with respect to both
direction of novenent of the head 28 and D/ A val ues neasured fromthe servo
5 ground |l evel, as indicated by the horizontal axis 104. Thus, during
seek novenents in accordance with the prior art, the mcro-processor 48
calls for demand velocities without regard to effects which m ght vary
appropriate AGC | evel s 'across the disk, and without regard to forces 10

on the actuator 32 in addition to the L&%ntz force on

will be added or subtracted, as appropriate, to the
profile for portions of the profile to either side of
the disk continuities. Such adjusted increments are
derived from the increments 124 and 126 by dividing the
increments 124, 126 by the ratio of the gain of the
amplifier 66 with respect to demand velocities at the
higher gain to the gain of the amplifier 66 at the lower
gain selected therefor. In such case, the compensated
velocity demand profile will differ from the profile 128
as shown in dashed lines 130 and 132 in Figure 4.

In the case in which the .velocities indicated by
lines 120 and 122 in Figure 3 cause, for a selected
zone, the actual velocity for outwardly directed sweeps
“to exceed the actual velocity for inwardly directed
sweeps, a éase that is probable for zones near the
spindle 14, increments are added to the velocity
indicated by the lines 120, 122 for subsequent sweeps in
the second direction and subtracted for subsequent
sweeps in the first direction to determine equal
increments indicated by arrows 134 and 136 in Figure 3.
These increments are stored and seek movements to all
tracks in the zone for which the increments 134 and 136
are determined are thereafter made in accordance with a
compensated profile 138 shown in Figure 5. As shown
therein, the compensated velocity demand profile is
founded by shifting D/A values for the central portion
93 of the profile to lower values indicated at 137 by
the amount of the increment 134, 136 so determined. As
in the case described above, compensation can also be
effected for all "tracks to go" values that might occur
in a seek movement, such compensation being carried out
in the manner that has been described above.
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the coil 36 produced by passing therethrough a current fromthe anplifier
88. Since the actual velocity of the head 28 is determ ned fromsignals
that are passed through the AGC 15 circuit 42, an inappropriate AGC

| evel , obtained as * descri bed above, can cause the head 28 to enter
the control region about the destination track represented by the axis 94
with an actual velocity that is higher or * | ower than the velocity

i ndi cated by the velocity demand 20 ggprofile. In the first case,
excessive over shoot of the track can occur with the result that the head
nmust be

In the situation in which both the described AGC
compensation and the described velocity demand profile
compensation of the present invention are used together,
it will be useful to generate both the velocity
increments and the AGC correction signals for each zone
before moving to the next zone and, further, to do so in
the order: velocity increment followed by AGC correction
signals. In this case, the actual velocity for obpo—
sitely directed sweeps during the AGC compensation will
be equal, and equal to the average of such velocities,
so that only one sweep will be required for each
correction to the AGC reference signal.

eet Has Been Re‘laced
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pul l ed back to the track by the controller 64 and differentiator 70 after a
transition to the track follow ng node has been effected by closing the
switch 68. 25 ___ _ln-the—second case, under shoot of the.track wWTl occur

so that the controller ferentlator 70 nust pul | hg @ﬁito t he
destination tracnm“\m‘“mg \ ition has occurr atisS
readi ng of data s0f data to a track

aligned with the desfi nation track on a separate d| st be
del ayed until settling of the head 28 oR7t he destlnatlon track has

occurred
CLAIMS

1. A method for controlling a seek movement by a
magnetic Head (28) to a selected track (19 to 24) on a
rotating disk (12) of a hard disk drive, in which a
servo system controls the seek movement in accordance
with a comparison of measured actual head velocities and
selected demand velocities of a stored velocity demand
profile, characterised by assigning tracks on the disk
to a plurality of concentric zones (110 to 118) on the
.disk, determining for each of the zones an adjustment
value for use in the comparison for offsetting at least
one out of the selected demand velocities and the
measured actual head velocities, storing the adjustment
values, and employing the adjustment values in the
comparisons made during a seek movement.

2. A method according to claim 1 characterised in that
the determining step comprises generating a control
signal for causing the magnetic head to sweep a selected
zone at a selected demand yelocity, generating a
detection signal representing the resulting actual
velocity, measuring the resulting actual velocity by
counting track crossings occurring during a pre-
determined period, incrementally adjusting at least one
of the relationship between the selected demand velocity
and the control signal and the relationship between the
resulting actual velocity and the detection signal,
tepeating the generating, measuring and incremental .
adjusting steps until the resulting actual ze}ﬁcity
matches the selected demand velocity, and genérating'an
adjustment value representing the total incremental.
adjustment.

3. A method according to claim 2 characterised in
that the detection signal is generated by AGC means
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Simlarly, forces on the actuator 32 can cause the actual velocity of the
head 28 to fail to followthe - . --18 -defand veIOC|ty becau e of — T

;%PP;?E:I g%e C'(I)'L;teCt on s jnal s fromthe summi ng a h thik Sheet@Bs BSnRBSacBOVVET
'S, rrve thne ve
profile is inapplicable wh mﬁwﬂ@c"mmm?orces are ncmmum ﬁ"ﬁ‘
account. As a result_ t he
28 i

(42), and in that the incremental adjusting step
comprises adjusting an AGC signal.

4. A method according to claim 2 or 3 characterised in
that the control signal comprises a D/A value, and in
that the incremental adjusting step comprises adjusting
the D/A value for the selected demand velocity.

5. A method according to any of claims 2 to 4 charac-
terised in that the comparison is made by a summing
amplifier for comparing signals representing the actual
and demand velocities during a seek movement, the
summing amplifier having an adjustable gain with respect
to the signal representing the demand velocity, and in
that the gain is changed during a seek movement at a
pre-selected distance corresponding to a particular
demand velocity from the selected track, the selected
demand velocity employed in the determining step being
less than the particular demand velocity at which the
gain change occurs.

6. A method according to claim 5 characterised in
that the selected demand velocity employed in the
determining step is less than the velocity on the stored
velocity demand profile for a distance of less than ten
tracks from the selected track.

7. A method according to any of claims 2 to 6 charac-
terised in that the selected demand velocity employed in
the determining step is less than 25.4 cms per second
(10 inches per second).

8. A method for optimising seeks by a magnetic head
(28) to a selected track (19 to 24) on a rotating disk
(12) of a hard disk drive having a servo system that
effects the seeks in accordance with a comparisd% of the
actual head velocities with demand velocities of a
velocity demand profile, the hard disk drive having a
stored .velocity demand profile, characterised by the

This is the replacement sheet
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veIOC|ty of the head 28 at the-time of entry into the fine control

followng the transition to th

circuit 10. Again, the result is eXcessi%e over shoot
produci ng an excessive.delay in reading fromor WWItIn
track, caused by a need for the head 28 to 15

into radial
t hereon or

regi on

about the destination track may be too |arge or too small for the head to

I M

H”!msubs an

alignment with the destinati®h track prlor to MW|t|ng_dat

steps of: assigning each track on the disk to one of a
plurality of concentric zones (110 to 118) on the disk;
for each zone on the disk determining a velocity
increment that will cause the head to have the same
actual velocity for both directions of movement of the
‘head across the disk once that increment is added to a
demand velocity selected from the stored velocity demand
profile for movement of the head in one direction
across the disk and subtracted from the same selected
demand velocity for movement of the head in the opposite
direction across the disk; storing the velocity
increments; and thereafter effecting all seeks in said
one direction to a track in a selected zone in accor-
dance with a compensated velocity demand profile derived
from the stored velocity demand profile by adding the
velocity increment for that zone to selected portions of
the stored velocity demand profile and effecting all
seeks in said opposite direction in accordance with a
compensated velocity demand profile derived from the
stored velocity demand profile by subtracting the -
velocity increment for that zone from the same selected
portions of the stored velocity demand profile.

9. A method for optimising seeks by a magnetic head
(28) to a selected track (19 to 24) on a rotating disk
(12) of a hard disk drive having a servo system that
effects the seeks in accordance with a comparison of the
actual head velocities with demand velocities of a
velocity demand profile, wherein the servo system
comprises AGC means (42), responsive to an AGC signal,
for providing an adjustable servo gain for the servo
means with respect to actual velocities of the head
across the disk, and wherein the hard disk drive has a
stored velocity demand profile, characterised by the
steps of: assigning each track on the disk to one of a

This is the replacement sheet
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reading data therefrom A second feature of the vel ocity demand profile is
tthe presence of discontinuities 106. and~108 near the 20 Si eetHasq;gamepmeﬂon

track. (For clarity of illastration, city de has
not been drawn to scal e. Thus, \\m W\Ee vel oci m 28 at
the discontinuities 106 and %\n\\m MABRL sl y = about 2% o ium
vel ocity during a seek novene .¢In the 25 preferred node of

perform ng a seek operation, it is desirable that the gain of the sunm ng

anplifier 66 with respect to the demanoaqlel ocity be high for l|arge head

plurality of concentric zones (110 to 118) on the disk;
for each zone on the disk, determining a zone AGC signal
that will cause the average of the actual velocities of
the magnetic head for movement of the head within the
zone in opposite directions to be equal to a demand
velocity selected from the stored velocity demand
profile; storing indications of the zone AGC signals;
and thereafter, for each seek to a selected data track
in a selected zone, supplying the zone AGC signal for

- the selected zone to the AGC means.
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di stances fromthe destination track to ensure that the signals fromthe
anplifier 66 will have a sufficient 30 magni t ude to cause the head to
reach its maxi mum speed rapidly. On the other hand, resetution of, demand
vel ocities becomes nore inportant near the destination tfas® it fine

adj ust ment of the speéd of the head 28 as it ”earswﬁi\\\\\“\mm

31
ABSTRACT

METHOD OF CONTROLLING SEEK MOVEMENTS
BY A MAGNETIC HEAD IN A HARD DISK DRIVE

The present invention provides a method for
controlling a seek movement by a magnetic head (28) to a
selected track (19 to 24) on a rotating disk (12) of a
hard disk drive, in which a servo system controls the
seek movement in accordance with a comparison of actual
head velocities and demand velocities of a stored
velocity demand profile, characterised by assigning
tracks on the disk to a plurality of concentric zones
(110 to 118) on the disk, determining for each of the
zones an adjustment value for use in the comparison for
offsetting differences occurring between selected demand
velocities and the corresponding actual head velocities,
storing the adjustment values, and employing the
adjustment values in the comparisons made during a seek

movement.

‘Figure 1
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Bot h of these considerations are met by changi ng the gainh of the anptifier
66, with respect to the demand velocity received frommhBRehdi s Beh or
48, as the head 28 approaches the destination track.. WK |

initial portions of the seek novenent, is effected by g’mﬂmMMElgﬁfih 78
during such initial portions, to plage-the resistors 7 b allel.
Since the gain of the summ ng anplifier, for each signal to be added, is

4

the ratio of the feedback resistance, i.e. the 10 resist F the
resistor 84, to the resistance ﬁroqgﬁ whi ch such signal is iintrodlced into
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I nput of the operational anplifier 82, the parallel conneﬁksmﬁuﬁﬁsah laced
Eﬂlthe

resistors 76 and 80 increases the gain of the anplifier
t he demand velocity. 15 Correspondi ngly, openi ng the S
head 28 is near the destination track reduces the gain of e
with respect to the demand velocity. Such gain transition for the sunn1ng
anplifier can conveniently be sel ected-td-occur at, for exanple, six 20
tracks to go in the execution of a seek novenent. The axes 96 and 98

indicate the denesd velpejty in physical P4 for portions of thg velocity
demand 1 /9nr

VMAX

DEMAND VELOCITY
FIRST DIRECTION
DEMAND VELOCITY
SECOND DIRECTION

L1
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profile that are inplemented at high summ ng anplifier gain and the axes 97
and 99 indicate the demand velocity 25 I n physical units for a central
portion 93 of the velocity denmand profile that is inplenmented at | ow

summi ng anplifier gain. Adaptive AGC Gain Conpensation As noted above, one
aspect of the present invention is to adjust the gain of the servo circuit
10 adaptively to ensure that the AGC_|gvel utilised during seek operations
wi |l cause the actual velocity of the head 28 to foll ow the demand vel ocity

for portions pf-a76 94
Kjﬁ 27 _—130 10G L
VMAX

DEMAND VELOCITY
FIRST DIRECTION
DEMAND VELOCITY
SECOND DIRECTION

ViAx

VELOCITY

SECOND DIRECTION

DEMAND VELOCITY
FIRST ODIRECTION

DEMAND

N\-_]
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PERCEMENE SEEEKS orfi{je

20 seek novenent near the destination track. Tg—rn
)L+ iBh Y padedt @f paged .

surface 18 of the disk 12 are each assigned to

concent_r_| c_zones4:—ha{—ha g.glN 1] 0 14, &z@@?ﬁb ;‘Ji:&fil n/
5 |H§‘§ ’ﬁaé 3 r = ‘5 P

shown ‘i“n 'T ustrg %}ﬁ 26 & Oﬂﬁﬁ..hw@wﬁmien
vel oci t

=t

Re lﬁ A > lev F iﬁat :&:ﬂj:l:_ ensju P @Iv"ca ..... disieapnd....
the switch, a velocity difference detector for generating the velocity difference data on
the basis of incoming target velocity data and current velpcity.data and for delivering the
velocity difference data to the driving secﬁdﬁ, a curren.t position detector,‘ for detecting a
current position of the head to produce curreﬂt position data, a current velocity detector
for ger{erating the current velocity data from the current position data from the current.
position detector and a target velocity generator for generating the target velocity data on
the basis of incoming target position data and the current position data from the current
position detector and for delivering it to the velocity difference detector. The mode
select signal is determined in association with the selection of the switch. _

US-4333117 discloses electronic circuitry for improving the speed and accuracy -
of shifting the magnetic heads of a disk memory from one track cylinder to another.
Head velocity is measured by measuring the servo head transmit time between adjacent

: &acks of the servo disk. A microproceséor controller in conjunction with preferr'ed'
velocity profile data stored in a read only memory provides a control signal to the linear
motor control causing the head arm velocity to follow the prefén'ed velocity profile.

It is an object of the present invention to solve the problems described above.

In accordance with the present invention, there is provided a method for
optimising seeks by a magnetic head to a selected track on a rdtating disk of a hard disk
drive having a servo system that effects the seeks in accordance with a comparison of the
actual head velociﬁes; with deman& veloc_:itiés of a velocity giemand profile, wherein the

servd'system comprises Automatic Gain Circuit (AGC) means, responsive to an AGC

signal, for providing an adjustable servo gain for the servo means with respect to actual
velocities of the head across the disk, and wherein the hard disk drive has a stored
velocity demand profile characterised by, including the steps of: assigning each track on
the disk to one of a plurality of concentric zones on the disk; for each zone on the disk,
determining a zone AGC signal that will cause the average of the actual velocities of the

magneuc head movement of the head within the zone in opposite directions to be equal
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value .will result 'in substantially equal inputs to the summing anplifier 66
fromthe differentiator 70 and D/A 10 converter 74 is then determ ned
for.each zone as w || nopbg_ﬁ,e_scri bed. As part of the start up routine
programmed into _the m-ero-processer 48,. the hea TToved ju-
tively to edach zone iars\geen\ﬁa'lhcedthe head is in eac| Ti&%@**bﬁg\'&?gﬁ%}?sjv\eeps

are made in bdahigS ' cross the disk for ajjsel ed%%}d*%‘bn‘ l ocity,
taken fromthe &“
line 120 in Fig

profile, that has b&en 1ndi cated by the dash
to-a demand velocity selected from the stored velocity demand profile; storing

sweep in thabfirst

indications of the zone AGC signals; and thereafter, for each seek to a selected data track
in a selected zone, supplying the zone AGC signal for the selected zone to the AGC.

means.

sheet
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direction

direction.
cortesponding to the-setected profile velocity |ﬂ_”t3h§{éEert,$A*5 Beedf

di sabl i ng
t he power

of these sweeps,

period so

and by the dashed line 122 for a sweep in-the 20 second
Such sweeps are effected by enteripg_the D/A value

er

f
summ ng of th he contr ol er ptp;_g(lg;en&gnal sent to
arrpllfler @mgmnﬂ switch 68 xring each
count s tyjack crossings for a selected tine

t hat the act ual velocity of the sweep is, in effect, measured for

bot h sweep@laifigtch vel ocity being directly proportional to the nunber of
tracks that are crossed.

1. A method for optimising seeks by a magnetic head (28) to a selected track (19 to
24) on a rotating disk of a hard disk drive having a servo system that effects the seeks in
acéo'rdance with a comparison of the actual head velocifies with demand velocitiés of a-
velocity demand profile, wherein the servo system comprises Automatic Gain Control
(AGC) means (42), responsive to an AGC signal, for providing an adjustable servo gain
for the servo means with respect to actual velocities of the head across the disk, and |
wherein the hard disk drive has a stored velocity demand profile, characterised by
including the steps of: assigning each track on the disk to one of a plurality of concentric -
zones (110 to 118) on the disk; for each zone on the disk, determining a zone AGC

signal that will cause the average of the actual velocities of tﬁe_magnetic head movement
of the head within the zone in opposite directions to be equal to a demand velocity
selected from the stored velocity demand profile; storing indications of the zone AGC
signals; and thereaftef, for eacﬁ seek to & selected data track ih a seiected zone,

supplying the zone AGC signal for the selected zone to the AGC means.

2, A method according to claim 1 cha_racteﬁsed in that the comparison is made by a
summing amplifier (66) for comparing signals representing the actual and demand
velocities during a seek movement, the summing amplifier having an adjustable gain
with respect to the signal representing the demand velocity, and in that the gainis
changed during 2 seék movement at a pre-selected distance corresponding to a parﬁcu}u
demand velocity from the selected track, the selected demand velocity employed in the
determining step being less than the particular demand velocity at which the gain change

occurs.

3. A method according to claim 2 characterised in that the selected demand velocity

employed in the determining step is less than the velocity on the stored velocity demand

profile for a distance of less than ten tracks from the selected track. .. Sheet Has Bec
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The i cro- processor 48 is programmed to coppare.the average 30 of these
act udl, velocities to the value of the sele,tedﬁﬁﬂkﬁﬁ%ﬁﬂfdﬁﬁﬁﬂﬁronSGhe

- Vekoci'ty demand profile and, if the averagp [Bffastrotant:yaked bl.ocipaged?S.s

. I'ower® than the sel ected vel oci ty, to i ncrerrmmgs%@c;@ggﬁ%} ts yppéd 24

~

10

15

20

25

30

.21 to the AGCcircuit 42 via the latch 47 PEHRE i) viaipad |\, to paged O

ftuy"ar‘ : pazged 2. to paged .....

. | pate or recarer OWE._

METHOD OF CONTROLLING SEEK MOVEMVNTS BY A MAGNETIC
HEAD IN A HARD DISK DRIVE -

The present invention relates to a method for
controlling seek movements by a magnetic head to a
selected track on a rotating disk of a hard disk drive.

A periphéral commonly used with a computer is a
hard disk drive, in which data generated by the computer
is stored on concentric tracks defined in magnetic
coatlngs formed on metallic disks. The rigidity of the
disks permits the data tracks to be closely spaced so
that the hard disk drive is capable of storing large
amounts of information. Because of this capacity, the
hard disk drive is becoming increasingly popular with
computer users. Data is written to or read from a
selected track by read/write heads, which are supported
by a pivotal actuator adjacent to disk stacks so that
the heads can be moved across the disks by passing a
current through a coil provided on the actuator remote
from the heads and immersed in a magnetic field.

In order to write data to a selected track of a
disk, it is necessary to move an associated read/write
head to the track selected and, similarly, to read data,
it is necessary to move the read/write head to a track
whereon such data has previously been stored. For these
purposes, the hard disk drive is provided with a servo
circuit that reads a servo pattern in the data tracks or
on a dedicated servo disk surface and responds, in a
seek mode of operation of the servo system, to control
the movement to the track.

Often, the servo pattern is used to generate a
pattern error signal indicative of the location of the
head which reads the pattern (referred to as the servo
head) with respect to the centres of the tracks, the
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49. If the average of the actual velocities exceeds the sel ected demand
velocity, the AGC signal supplied to the AGC circuit 42°is decrenented. 5. .
Such adj ust ment's of -the AGC signal are continued until the average of the .. -
~actual velocities is substan- tially equal to the selected demand velocity. -
The increment or decrenment that has this result is then saved in a RAM (not
shown) that provides a nenory for 10 the m cro-processor 48 at an AGC

- correction signal for .the zone. Thereafter, each time a seek novenment to a
track in a selected zone is nmade, the AGC signal

2

servo circuit differentiating the position error signals
to obtain a signal proportional to the radial velocity
of the servo head across the disk, andcomparing the
actual velocity of the servo head with velocities stored

5 as a velocity demand profile in a look up table in a
micro-processor. If the actual velocity at a given
distance from the destination track is lower than the
velocity taken from the velocity demand profile for that.
distance, a correction signal is generated and trans-

10 mitted to a power amplifier which passes a current
through actuator coil in a direction that will tend to
accelerate the head across the disk. Conversely, if the
actual velocity of the servo head is greater than the
demand velocity for a given servo head location, a

15 current passed_through the actuatoriboil will be ‘in a
direction to decelerate the servo head.

By designing the velocity demand profile to demand
large servo head velocities at large distances from a
destination track and to demand steadily decreasing

20 velocities as the servo head approaches the destination
track, the servo head can be caused to have a large <£:
- acceleration at the start of a seek operation and a —

deceleration near the end of the seek operation.
Ideally, this will cause the head to arrive at the track
25 with a velocity such that the head will rapidly settle
on the track 'when the servo circuit undergoes a
transition to a track following mode of operation, in
which the servo head is maintained in alignment with the
track by control signs generated in proportion to the
30 position error signal, and the integral thereof, and
transmitted to the power amplifier.
In practice, this ideal has not hitherto been
achieved. 1In particular, bias forces are exerted on the
heads by gif;swirling about the disk ‘surfaces and by
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supplied to the AGC circuit 42 is adjusted to the sumof the average of the
AGC reference signal and the 15 .correction signal that has been so
determ ned. As noted, the sweeps utilised to determ ne the AGC correction .
signals are preferably nade at | ow speed as has been stated above. The
pur pose of selecting a | ow speed for these sweeps is to ensure that the AGC

conpen- 20 sation is effected for actual head velocities near the
term nation of a seek nmovenent. As will be clear to those skilled in the
art, ms-matches between the actual head velocity and demand vel ocities
taken fromthe 3

electrical leads by means of which electrical
connections are made to the heads, with the result that
the acceleration and deceleration of the heads will not
be proportional to the difference between the .demand and
5 actual velocities of the heads across the disk.
Moreover, electronic offsets similiarly affect the-
relationship between head acceleration and deceleration
and the difference in actual and demand velocities.
. As a result, the heads do not follow the velocity
10 demand profile and, accordingly, can arrive at the
destination track with an excessive speed that causes
over shoot of the track or with an insufficient speed
that can cause the head to stall before reaching the
track. In either case, time is consumed in settling the
15 ' head on .the track sufficiently that reading from or |
writing to the track can be commenced. The net result
is a loss of throughput of the hard disk drive. That
is, the average rate at which data can be stored or
retrieved by the computer, with which the hard disk
20 drive is used, is reduced.

A second effect that results in the loss of
throughput is bit crowding that occurs at inside tracks
on the‘disk surface carrying the servo patterns. In
many cases, it will be desirable to adjust the gain of

25 - the servo loop by providing an AGC circuit that responds
to dibits of the servo pattern that are geometrically
equivalent from one track to another so that, ideally,
measurement of signals produced in the servo head by

" such dibits will provide a constant amplitude signal

30 that can be used for AGC of the loop gain. In practice,
however, geometricalequivalents of dibits of the servo
pattern cannot be maintained because of the decreasing
circumferences of the tracks from the edge of the disk
towards the centre thereof. As a result, signals

A
Fa
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profile will have the greatest effect on the velocity 25 wi th which
the head enters the control region about a destination track and w |
accordlngly cause the greatest ri sk of over shoot or under shoot of t he

destination track. For purposes of this disclosureThigi%the-replacespn shegt
can be defined, for the case in which a 30 gain change I's made for the
summ ng anplifier 66 during a seek operation, as ap eed ir the | ow
gain portion 93 of the profile 91. I'n the absence of suchi¥a gp nge,

useful criteria are a speed no greater tdan 25.4 cns per second ( 10 i nches
per second) or a speed .
generated in the servo head as dibits of the servo pattern pass thereunder can
superimpose to cause the amplitudes of the signals to differ from the amplitudes of the
signals 'that_will be produced by isolated servo pattern dibits. Moreover, because of the
variation of track circumference with radius, the degree of superposition will vary from
one track to another. .
The net result is that a loop gain thaf is appropriate from one track is not
appropriate for other tracks. Thus, if an average loop gain is used for effecting a seek
operation, the differentiated position error signals, to which signals corresponding to the
demand velocities taken from the velocity demand profile are compared, will not be
representative of the actual velocity of the servo head. Again, long settling times for the
heads on a destination track can result in lower data fhroughput. -
EP-0272076 discloses a magnetic disc drive system which includes units which
1mmed1ately upon receipt of a power supply and before receipt of a seek command,
measure one Or more posmon offset values along one or more cylinders on a magnetic
disc by detecting the control current from a control current detection circuit when the
position of the magnetic head is controlled under fine position control, and calculating
one or more offset corrections values and outputting the calculated offset correction
- values to the speed control unit and the position controll unit. The magnetic disc drive
system of EP-0272076 may further include an automatic speed control gain adjustment
unit, which after completion of the offset correction value calculation, determines a
speed control gain used in the speed control unit by seekiﬁg the magnetic head at a
predetermined cylinder under application of the calculated offset values and measures a
time for the seek which meets a requirement of a reference seek time.
EP-0293809 discloses a control apparatus for controlling the positioning of a head
in a recording/reproducing apparatus which comprises a carriage mechanism having a
head, a switch for selecting one of a battery and a power source using commercial power
source, a driving section for driving the carriage meéhanism in accordance with

incoming velocity difference data, by a current which comes from a power selected by



22 corresponding to a nunber of tracks to go not exceeding ten. Velocity
Demand. Profile Conpensation 5 - VWil e the adaptive AGC gain
conpensation can be used by itself to effect nore rapid track settling
characteristics for the magnetic head 28 foll owi ng a seek novenent to a
selected track, it is preferable to

4a

the switch, a veloeity difference detector for generating the velocity difference data on
the basis of incoming target velocity data and current velocity data and for delivering the
velocity difference data to the driving sectieﬂ, a current position detector, for detecting a
current position of the head to produce current position data, a current velocity detector
for generatiﬁg the current velocity data frem the current position data from the current
position detector and a target velocity generator for generating the target velocity data on

the basis of incoming target position data and the current position data from the current

Nas
1'
! ')

position.detector and for delivering it to the velocity difference detector. The mode
select signal is determined in association with the selection of the switch.

US-4333117 discloses electronic circuitry for improving the speed and accuracy -
of shifting the magnetic heads of a disk memory from one track cylinder to another.

Head velocity is measured by measuring the servo head transmit time between adjacent
tracks of the servo disk. .A..microproces-sor controller in conjunction with preferred
velocity profile data stored in a read only memory provides a control signal to the linear
motor control causing the head arm velocity to follow the preferred velocity profile.

It is an object of the present invention to solve the problems described above.

In accordance with the present invention, there is provided a method for-
optimising seeks by a magnetic head to a selected track on a rotating disk of a hard disk
drive having a servo system that effects the seeks in accordance with a comparison of the
actual head velocities with deman& velocities of a velocity demand profile, wherein the
servo system comprise;Automatic Gain Control (AGC) means, responsive to an AGC
signal, for providing an adjustable servo gain for the servo means with respect to actual
velocities of the head across the disk, and wherein the hard disk drive has a stored
velocity demand profile characterised by, including the steps of: assigning each track on
the disk to one of a plurality of concentric zones on the disk; for each zone on the disk,
determining a zone AGC signal that will cause the average of the actual velocities of the

magnetie head movement of the head within the zone in opposite directions to be equal |
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use it in conjunction with a velocity demand profile 10 conpensati on,
which is arranged to adjust at |east central portions of the velocity

demand profilein a manner that will conpensate for forces, such as w ndage
and fd'ex forces, that are ‘exerted on the actuator 32-in addition to the
Lorentz force provi ded by passing a 15 current through the coil 36.

Thus, it is specifically contenplated that the adaptive AGC gain
conpensation of the present invention nmay be used in conbination with a
continuously adaptive velocity feed forward conpensati on.

4b

toa demand velocity selected from the stored velocity demand profile; storing
md1cat10ns of the zone AGC signals; and thereafter, for each seek to a selectéd data track
in a selected zone, supp_lying the zone AGC signal for the selected zone to the AGC

means.
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20 Al ternatively, the present invention contenplates velocity
demand profile conmpensation as part of the start up routines of the data
storage device including the servo circuit 10 in accordance with a nethod
now to be described. 25 As in the case of AGC conpensation, the
surface 18 of the disk 12 is zoned and each track on the disk is assigned
to a selected zone. Preferably, such zones are the sane zones for which AGC
conpensation is effected. Once such assignnment has been nade, the magnetic
head 28 30 i s nmoved consecutively to each zone and, while the head

5
In its preferred form, the present invention
provides a method for adjusting both the loop gain and
velocity demand profile adaptively so that the differen-
tiated position error signals to which demand velocity
S signals are compared are representative of the ectual
velocity of the servo head near the destination track.
and the velocity demand profile takes the bias forces
into account to provide an appropriate velocity demand

3y profile to be compared'with'actual head velocities.

" 10 In the method described below, the tracks on the
surface whereon the servo pattern is written are '
assigned to a series of concentric zones and a loop gain |
is developed and stored for each of the zones to be used
in making seek movements to tracks in such a zone. 1In

15 - particular, an average loop gain is first determined by
programming a micro-processor to call for long sweeps
back and forth along the disk as part of the start up
procedure for the hard disk drive. The demand velocity
for such sweeps is selected to be substantially the

20 maximum speed for the servo head during a seek movement

and the actual average speed, as determined by differen-
tiating the position error signals, is measured by

determining the time required'for.the head to cross a

selected number of tracks. The average loop gain,

expressed as an AGC reference level, is then selected so

A

2 that the average velocity for such sweeps equals the
maximum speed called for by the micro4processor. There-
after, the servo head is moved to each zone in turn and
low speed sweeps are made in opposite directions to

30 determine an AGC correction that will cause the average

of the actual velocities for two oppositely directed

sweeps to be the same as the demand velocity called for
to effect the sweeps. Again, the actual velocities are
measured by measuring the time for the head to traverse
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28 is in each zone, a velocity increnent is determned in a manner simlar

-to that

I n which the AGC direction signha

In particular, and-as illustrated in Figure 4, a 23 velocity

. corresponding to the dashed lines 120 and 122,

novenent of the servo head 28, is selected for making | ow speed sweeps,

defi ned

10

15

20

25

30

6
a selected number of the tracks. The AGC corrections
are then saved in the look up table and the average AGC
level is adjusted, by adding the correction each time a

.seek movement is made to a track in the zone for which

the direction is determined.

For adjusting the velocity demand profile, as
described below, the disk is again zoned, and low speed
sweeps in opposite directions are made in each zone for
a selected demand #elocity taken from the velocity
demand profile. *During such sweeps, the actual head
velocity'is measured as described above. .The demand ..
velocities for such sweeps are then adjusted, by
incrementing the demand velocity for movement in one- .
directiog and_gqually decrementing the demand velocity

for movement in the other direction to obtain a velocitf'“

increment whicﬁ,'when added to the demand. velocity
profile during movement of the servo head in one
direction and subtracted from such demand velocity
profile during movement in the other direction, will
cause equal actual velocities for the two directions.
The velocity increments are stored in relation to the
zones and, thereafter, each time a seek movement is made
to a track in a selected zone, the seek is carried out
with respect to a compensated velocity derived from the
stored velocity demand profile by adding the velocity
increment to at least portions of the stored profile for
seek movements in one direction to tracks in the
selected zone and subtracting the velocity increment
from corresponding portions of the stored profile for
seek movements in the opposite direction to a track in
the selected 2zone. :

The present invention thus optimises the time for
magnetic heads of a hard disk drive to settle on tracks
of disks of the drive following seek movements. to the
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above, in both directions in the zone. Such sweeps are 5 then effected
by entering the D/ A value corresponding to the selected profile velocity in
the latch 72 after disabling sunm ng of the output of the controller 64-in.
the signal sent to the power anplifier 88 by opening the switch 68. During
such sweeps, the actual velocity of 10 the head 28 across the disk
surface 18 is neasured in the sane manner that has been descri bed above for
AGC conpensation and the mcro-conputer 48 is progranmed to conpare the
actual velocities so neasured during the sweeps. If the actual velocity for
the sweep in the 7

tracks. . _ . . _
Advantageously, the invention as described
compensates for bias forces on the actuator of the hard
- disk drive and electronics offsets during seek movements
5 to tracks on,diSks of the drive.

Further, the invention as described advantageously
compensates for AGC error arising from crowding of servo
pattern dibits on a disk of a hard disk drive and from
forward gain variations due to such variation as'torqﬁe

10 constant non-linearities.

The present invention will be described further,
by way of example, with reference to the accompanying
drawings, in which: _ _ |

Figure 1 is a schematic diagram.of a servo circuit

15 of a rotating disk daté_sto;?ge device, in which the .
method of the pfesent inventibn.may be used;

Figure 2 is a graph of a velocity demand profile
stored in a micro processor of the servo circuit of
'Figure 1; _

20 Figure 3 illustrates zoning of a servo surface of
a disk of the rotating disk data storage device of Figure
L 1; _ .
Figure 4 is a gfaph of a compenstated velocity
demand profile for a zone near the outside edge .of the
25 -+  disk; and A
Figure 5 is a graph of a compenstated velocity
demand profile for a zone near the spindle whereon the
disk is mounted.

30 The Servo System
Figure 1 illustrates generally the construction of
a typical servo circuit, designated by the numeral 10,
for a rotating disk data storage device. As illustrated
therein, the servo circuit 10 comprises a plurality of
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first direction is |ower than the actual velocity in the second direction,
as wll often occur for zones near the edge of the disk, an increnent is.
added to the velocity taken fromthe velocity demand profile for a second . -
sweep in the first direction, by increnenting the DA 20 val ue for the
profile velocity, and the sane increnent is simlarly subtracted fromthe
vel ocity taken fromthe velocity demand profile for. a second sweep in the
second direction. The sweeps are then repeated, with the new demand
velocities, as represénted by the new DJ A val ues, 25 and the actua
velocities for the sweeps are again 8

disks, only one of which is shown in Figure 1 and 1s

designated by the numeral 12, that are co—axlally _
mounted on a spindle 14 for rotation in the direction of
an arrow 16. As is known in the art, the disk surfaces,

5 such as the surface 18 of the disk 12, are provided with
magnetised coatings so that information can be written
along concentric tracks, such as the tracks 19, 20, 22
and 24 partially illustrated on the surface 18, by , ,
magnetising consecutive segments along the tracks in Cif

10 opposite directions using a conventional magnetic head
28 that receives an electrical current from a conven-
tional read/write circuit (not shdwn). Thus, by varying
the direction of the current as the disk 12 rotates,
consecutive segments of a track are magnetised in e

15 opposite directions to record the information that is o o

' contained in the series of current reversals through the
head 28. Subsequently, the information is read by
detecting the magnetic reversals occurring along a
selected track. _ :

20 For purposes of illustration, the surface 18 of
the disk 12 is assumed to be a dedicated servo surface
containing only servo information that is used by the
servo circuit 10 in a seek mode of operation to move the
head 28 from one track to another, and'in a track

25 following mode of operation to maintain the head 28 in
radial alignméht with a selected track. However, it
will be clear to those skilled in the art that the
present invention is not limited to the use of a
dedicated servo surface for carrying out these

30 operations. Thus, it is contemplated that the circuit
10 can be of the embedded servo type wherein servo
information is interspersed with data that is stored on
tracks of the disks.

In keeping with the assumption that the surface 18
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conpared. Increnenting of the demand velocity for a sweep in the first
direction while decrenenting the demand velocity .for a sweep in the second
direction is further repeated until the actual velocities are 30 .
substantially the same for the sweeps in the two directions, i.e. until the
actual velocities are equal within the resolution of the actual velocity
measure- nents. The demand velocity increnents that had this result, for
each zone, are then installed in the RAM

9
is a dedicated servo surface,‘information on the surface
18 of the disk 12 will take the form of a servo pattern
comprising magnetised dibits that are positioned both
radially and circumferentially to cause generation in
5 the servo head 28 of signals representing both the
radial and circumferential locations of. the head with
respect to the tracks as the disk 12 rotates. A suitable’
pattern of dibits and the manner in which the dibits are
_ utilised to generate servo signals has been described in
'm1o U.S. Patent No. 4,811,135, the teachings of which are
incorporated herein by reference. : :
The head 28 is supported adjacent the surface 18
of disk 12 by an arm 30 of an actuator 32 that is
mounted on a spindle 34 so that pivoting of the actuator.
15  will cause radial movement of .the head 28 across-the
disk 12. Such pivoting is effected by.passing an |
electrical current through a coil 36 mounted on an end
of the actuator 32 opposite an end carrying the head 28.
Permanent magnets (not shown) are positioned about the
coil 36 to immerse opposite sides of the coil 36 in
. - oppositely directed magnetic fields, indicated by arrows:
. 38 and 40, so that flow of a current through the coil 36
in one direction causes the head 28 to move radially
outwardly while flow of a current through the coil 36 in
the opposite direction causes the head 28 to move

20

- radially inwardly. _

Signals generated in the head 28 are transmitted
to an AGC circuit 42, which comprises a variable
amplifier 44 through which the signals are passed to a

30 demodulater'46 which generates position error and track

crossing signals used to position the head 28 as will be
discussed below. 1In the present invention, it is
contemplated that the AGC circuit 42 is of a type
wherein the gain of the amplifier 44 is varied by

This is the replacement sheet
1 0 NOV 1938

Date:



24 associated with the m cro-processor 48 for use in the manner that has
been indicated in Figures 2 and 4. In Figure 2, for the case in which the-
actual velocity is initially higher in the second direction, 5 t he
increment that will cause the | ow speed sweeps to be the sane for a

sel ected zone has been indicated, for both sweep directions, by arrows 124
and 126. As shown in Figure 4, the central portions 93 of the velocity
demand profile, corresponding to the portion at which

10

continously comparing the maximum amplitude of the
signal at the output of the amplifier 44 to a reference
signal supplied by a micro-processor 48, via a latch 47
and D/A converter 49. Consistent with this AGC approach,
5 the dibits written to the disk surface 18 include
radially overlapping elements that form spokes 50
extending across all the tracks on the disk surface so
that, in principle, pulses having the same amplitude for
all tracks on the disk will be generated in the head 28
10 each time a spoke passes under the head 28 and, further,
.other pulses generated by the head 28 will have -
amplitudes no larger thah the amplitudes of the Signais
generated by the spokes. In such an AGC circuit, a
_ substantially constant signal for comparison with the
15 AGC reference signal can be generated by a peak detector
" 52 connected to the output of the variable amplifier 44.
The output of the peak detector 52 is connected to one
input of a diffétence amplifier 54, the other input of
which receiyes the reference signal from the micro-
20 ~ processor 48,:and the output of the amplifier 54 is
_ passed to a gain control terminal of the variable
- amplifier 44 via low pass filter 56 that removes AC
components of the output signal from the amplifier 54.
As described in the aforementioned U.S. Patent No.
25 4,811,135, the servo pattern shown therein, and
illustrated in part on the surface 18, defines a fine
control region about each track on the surface 18
extending from the mid point between such track and each
of the tracks adjacent thereto. In this region, for
each track, the demodulator 46 responds to signals
received from the variable amplifier 44 by providing on
a conducting path 58 a position error signal that has an
amplitude proportional to the offset of the centre of
the head 28 from the centre of the track associated with

Ny ;&(
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10 seek novenents are effected at a |low gain for the demand vel ocity
conpongnt of signals supplied to the summ ng anplifier 66, is shifted
towards higher to DA val ues by anmobunt equal to the stored increnent to
provi de a conpensated velocity demand profile that has been 15 _

I ndi cated generally at 128. Thereafter, all seek novenents to a track in
each zone are nade in accordance with the conpensated vel ocity denmand
profile for that zone. As in the case of the AGC conpensation, the sweeps
20 used to determne the increnents are nmade at | ow speed

11
the region. The position error signal is measured from
a servo ground VSER, which is held as a selected voltage
level above a circuit ground established by the power
- supply (not shown) for the device 1¢° and which can
5 conveniently be provided by a voltage regulator (not
shown) connected across the power supply.
‘Additionally, the demodulator 46 senses the timing
- of pulses generated in the head 28 by the passage of
edges of the servo pattern on the disk surface 18 under
10 the head 28, and provides the down going edge of a
square pulse each time the head 28 passes from a fine
control region about one track to the ‘fine control
region about an adjacent track. (The geometry of the
pattern that will result in the appropriate timing has
15 ~been shown in the aforementioned U.S. Patent No.
4,811,135). These pulses, referred to herein as track
crossing signals, are provided on a conducting path 62
to a clock terminal of a counter 60 included in the
micro-processor 48 so that, during a seek operation, the
20 number of tracks remaining to completion of the seek
operation may be continuously maintained in the counter
60, by entering the binary complement of the number of
tracks the head is to be moved and subsequently clocking
the counter 60 with the track crossing signals. The
25 direction of movement is determined in a manner that
will become clear below.

The position error signal is transmitted to a
proportioning integrating controller 64 whose output
constitutes one component, proportional to both the
position error signal and the integral thereof, of a
correction signal supplied to a summing amplifier 66
during operation of the servo circuit 10 in the track
following mode. An electronic switch 68, controlled by
the micro-processor 48 is closed during such ‘operation,
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as defined above and the use of | ow speeds for these sweeps has the sane
pur pose that has been described above, nanely to conpensate velocity demand
profiles for term nal portions of a seek novenent, in which 25

velocities for the head 28 that are too high or too low will incur the
greatest risk of over shoot or under shoot of the destination track by the
head 28. However, it is contenplated that the conpensated vel ocity denmand

profile may al so be generated for all values of "tracks 30 to go" for
a seek novenent. In this case, the increnent determned for a zone wll be
added to the profile for 12 :

and for a reason to become clear below, opened during a
‘seek operation from one track to another. The position
error signal from the demodulator 46 is also transmitted
to a differentiator .70, which continually provides a

5 signal, corresponding to the actual radial velocity of
the head 28 across the surface 18, to the summing
amplifier 66 to modify the basic proportioning control
scheme of operation of the circuit 10 during track
following and to effect seek operations from one track

10 to another in a manner to be described below.

In addition to the signals received from the
controller 64 and differentiagor 70, the summing
amplifier 66 receives a velocity demand signal, utilised

~in effecting a seek operation, from~the'micro-processor
15 48 via a latch 72 and a D/A converter 74. The velocity
demand signai is received at é resistor 76 and,
additionally, at an electronic switch 78 and series
resistor 80, in parallel with the resistor 76, so that
the gain of the summing amplifier 66, with respect to
20 the velocity demand signal, can be varied by opening the
switch 78, for low gain, or closing the switch 78, for s
high gain, in response to a signal provided by the (F
micro-processor 48.
The summing amplifier 66 comprises an operational
25 amplifier 82 having a feedback resistor 84 connected
between the output of the operational amplifier 82 and
the inverting input thereof in order, in combination
with the resistors 76 and 80 and resistors 86 and 87, to
fix the gains of the signals received by the amplifier
30 66. The non-inverting input of the operational
amplifier 82 is connected to the servo ground. The
output of the summing amplifier 66 is provided to the
input of a transconductance - power amplifier 88, which
drives a current through the coil 36 of the actuator 32
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seek novenents in the first direction and subtracted for seek novenents in
t-he sécond direction between the discontinuities 106 and 108 while an

adj ust ed i ncrenent 25 will be added or subtracted, as appropriate, to
the profile for portions of the profile to either side of the

di scontinuities. Such adjusted increnents are derived fromthe increnents

124 and 126 by dividing the

13

in proportion to the output s1gnal received from the
summing amplifier 66. .
In addition, the circuit 10 comprises a comparator
90 that receives the servo ground at its non-inverting
5 input and the signal from the D/A converter 74 at its
inverting input, to permit measurement.of the servo
ground as part of the start up routine of the data - -
storage device containing the servo circuit 10. -To this
Q:T end, the micro-processor is programmed to output, during
10 start up, a succession of digitally expressed numbers
that correspond to different velocities to be demanded
of the head 28 during a seek operation, and to monitor
the output of the comparator 90 on a conducting path 92.
. The D/A converter 74 converts these numbers, referred to
15 herein after as D/A. values, to electrical signals hav1ng.
voltages, with respect to the system ground, propor-— |
tional to the number in the latch 72. The voltage level
of the servo ground is selected so that a digitally
expressed number substantially at the mid-point of the
20 range expressible in the latch 72 will, in view of the
. s connection of the non-inverting input of the operational
L amplifier 82 of the summing amplifier 66 to the servo
ground, represent a zero demand velocity for the head 28
across the surface 18. Higher numbers in the latch 72
will result in a velocity demand signal to the amplifier

e

25
66 tending to drive the head 28 in one direction across
the surface 18 and lower numbers will result in a
velocity demand signal tending to drive the head in the
opposite direction across the surface 18.

30

Velocity Demand Profile

Figure 2 illustrates a typical velocity demand.
profile, generally indicated by the reference numeral 91
and stored in the look up table in the micro-processor
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increments 124, 126 by the ratio of the gain of the anplifier 66 with

respect to demand velocities at the higher gain to the gain of the

anplifier 66 at the | ower gain selected therefor. ~1In such case, the
conpensated velocity demand profile will differ fromthe profile 128 10

~as shown in dashed lines 130 and 132 in Figure 4. In the case in which the
velocities indicated by lines 120 and 122 in Figure 2 cause, for a selected
zone, the actual velocity for outwardly directed sweeps to exceed the

actual velocity for inwardly directed 15 sweeps, a case that is
probabl e for zones near the 14 o

48, by means of which the servo circuit controls
movement of the head 28 from one track to another track,
that is, to a destination track represented by the
central vertical axis 94 of Figqure 2.

5 .. Such movements are effected by outputting a
succession of demand veiocities, expressed as D/A values
shown on the axis 94, to the latch 72 for conversion to
an analog signal by the D/A converter 74 and for trans-

_ mission to the summing amplifier 66 as discussed above.

10 As noted above, a D/A value larger than that selected
for the servo ground will cause the summing amplifier 66 .
to provide a signal to the power amplifier 88 that tends
to.cause the head to be moved in one direction, while a

_ . D/A value smaller. than that selected for the servo

15 ground tends to cause the head to move in the opposite
direction. As;a_result,'the_butput of profiie
velocities on a tracks to go basis measured from the
destination track will tend to move the head 28 across
the surface 18 in a direction towards the destination

20 track.

For purposes 6£ illustration, it will be assumed el
" herein that movement of the head 28 in a first direction
towards the outer edge of the disk 12 is occasioned by
increasing the D/A value to the latch 72, while

25 decreasing the D/A value results in movement of the head
28 in a second direction away from the outer edge of the
disk.

The D/A values are correlated with velocities to
be demanded for the head 28 across the disk in physical
30 units, such as centimetres (or inches) per second.
Additional vertical axes 96 and 97, indicating demand
velocities in physical units for movement in the first
direction, have been included in Figure 2. Similarly,
axes 98 and 99 have been included for the second
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spindle 14, increnents are added to the velocity indicated by the |lines
120, -122 for subsequent sweeps in the second direction and subtracted for
subsequent sweeps in the first direction to determ ne equal 20

increnents indicated by arrows 134 and 136 in Figure 2 These increnents are
stored and seek novenents to all tracks in the zone for which the

i ncrements 134 and 136 are determ ned are thereafter nmade in accordance

"with a conpensated profile 138 shown in Figure 5. ‘As shown 25 therein
t he conpensated vel ocity demand profile is founded by shifting D/ A val ues
for the central portion 15

direction to provide a basis for a dlscuss1on of the
correlations. -
Initially, it is noted that the velocity demand
profile, in physical velocity units versus number of
5 tracks to go in making a seek movement to a selected
destination track, can be obtained for purposes of the
present invention in any conventional manner so that -
only a qualitative discussion of the manner in which the
L profile is obtained will be given. In general, the '
10 velocity demand profile is obtained by modelling the -
mechanical and electrical properties of -the rotating -
disk data storage device and selecting velocities for
the profile that will cause the head to have an initial
“high acceleration towards the destination track followed
15 by a perlod for long seek movements, in which ‘the.head
has a selected constant maximum speed that is indicated
by flat portions 100 and 102 of the profile. 1In a final
portion-of the seek movement,'demand velocities are
_ steadily decreased to cause a controlled deceleration of
20. . the head 28 that will cause the head 28 to enter the
fine control region about the destination track with a
speed that will facilitate rapid settling of the head
onto the destination track after a transition to- the
track following mode of operation of the servo circuit
25 - 10.

Seek operations are then effected via the
comparision of the demand velocity, which is continually
updated at the latch 72, and the actual velocity of the
head 28, which is indicated by the differentiator 70.
(The switch 68 is open during seek operations so that
the current through the coil 36 is proportional solely
to the difference in actual and demand velocities of the
head 28. Following the transition to fine control,
occurring a selected time after entry of the head 28
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93 of the profile to |lower values indicated at 137 by the anmount of the
increment 134, 136 so determned. As in the case described above, L

conpensati on can al so be 30 effected for all "tracks to go" values |
that mght occur in a seek novenent, such conpensation being carried out in
t he manner that has been descri bed above. 26 In the situation in which

both the descri bed AGC

10

15

20

25

30

16
into the control region about the destination track, the
switch 68 is closed and the D/A value in the latch 72 is
set to a zero demand velocity or, pteferably, to a |
position feed forward value.
In order to correlate demand velocities in

.physical units with demand velocities in D/A values, D/A

values are selected for the maximum speed to be demanded

of the head across the disk in both directions. For o
example, if the latch 72 is a nine bit latch and the C?k
servo'ground*is_at a level 256, the D/A values for the
maximum speed might be chosen as fifty six for maximum
speed of the head in the second direction and 456 for
maximum speed in the first direction. The micro-
processor is programmed to transmit each of these D/A
values to the latch 72 as pért of the start up routine

‘for the circuit 10, and to measure the actual velocity

that each D/A value will produce by counting track
crossing signals received by the counter 60 of the
micro-processor 48 for a selected time interval. The
gain of the AGC circuit 42 is adjusted in consecutive
high speed sweeps until the velocity so determined for
the selected D/A values is substantially the maximum
velocity, in either direction, that the head is to _
achieve in a seek movement. The signal transmitted from
the micro-processor 48 to the AGC circuit 42 during
these high speed sweeps will be referred to herein as

(e

. the average AGC signal for the circuit 10. Thereafter,

in accordance with the teachings of the prior art, seek
movements are made by outputting D/A values to the latch
72 and D/A converter 74 in accordance with the stored
velocity demand profile that has been illustrated in
Figure 2, while the switch 68 is held open by the micro-
processor 48. _ -

Before proceeding, it will be useful to explain the
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conpensati on and the described velocity demand profile conpensation of the
ptesent invention are used together, it will be useful to generate both the
velocity 5 “increments and the AGC correction signals for each zone
before noving to the next zone and, further, to do so in the order:
velocity increnment followed by AGC correction signals. In this case, the
actual velocity for oppo- sitely directed sweeps during the AGC
conpensation will 10 . be equal, and equal to the average of such
velocities, so that only one sweep will be required for each correction-to
t he AGC reference signal. 17

characteristics of the stored velocity demand profile
established in this manner. fniﬁially the profiié is
symmetrical with respect to both direction of movement
of the head 28 and D/A valués measured from the servo
5 ground level, as indicated by the horizontal axis 104.
Thus, during seek movements in accordance with the prior
art, the micro-processor 48 calls for demand velocities
. without regard to effects which might vary appropriate
o AGC levels across the disk, and without regard to forces
“ 10 on the actuator 32 in addition to the Lorentz force on
| the coil 36 produced by passing therethrough a-current'
from the amplifier 88. |
Since the actual velocity of the head 28 is
determined from signals that are passed through the AGC
15 circuit 42, an inappropriate AGC level,'obtained_as'
described above, can cause the head 28 to enter the
control region about the destination track represented
by the axis 94 with an actual velocity that is higher or
lower than the velocity indicated by the velocity demand
20 profile. In the first case, excessive over shoot of the
track can occur with the result that the head must be
- pulled back to the track by the controller 64 and
differentiator 70 after a transition to the track
following mode has been effected by closing the switch 68‘.
In the second case, under shoot of the track will occur

22 so that the controller 64 and differentiator 70 must
pull the head to the destination track after the
transition has occurred. In either case, reading of
data from or writing of data to a track (not shown),

30 aligned with the destination track on a separate disk

surface, must be delayed until settling of the head 28
on the destination track has occurred. )

Similarly, forces on the actuator 32 can cause the
actual velocity of the head 28 to fail to follow the
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27 Cains: 1. A nethod for optim sing seeks by a nagnetic

head (28) to a selected track (19 to 24) on a rotating disk of a hard di sk
drive having a servo systemthat effects the seeks in

10

15

20

25

30

brought into alignment with the destination track , (:

'destination track prior to writing data thereon or

18

demand velocity because of inappropriate correction -
signals from the summing amplifier 66 to the power .
amplifier 88. That is, the model used to derive the
velocity demand_pfofile is inapplicable where these
forces are not taken into account. As a result, the
velocity‘of the head 28 at the time of entry into the
fine control region about the destination track may be
too large or too small for the head to be optimally

following the transition to the track following mode of

eperation of the circuit 10. Again, the result is

excessive over shoot or under shoot producing an

excessive delay in reading from or writing to the

destination track, caused by a need for the head 28 to .
be brought substantially into radial alignment with the

reading data therefrom. ,
. A second feature of the velocity demand profile is
the presence of discontinuities 106 and 108 near the
destination track. (For clarity of illustration, the ‘
velocity demand profile 91 has not been drawn to scale. gf
Thus, for example, the velocity of the head 28 at the Q;
discontinuities 106 and 108 is typically about 2% of the
maximum velocity during a seek movement). In the.
preferred mode of performing a seek operation, it is
desirable that the gain of the summing amplifier 66 with
respect to the demand velocity be high for large head
distances from the destination track to ensure that the
signals from the amplifier 66 will have a sufficient
magnitude to cause the head to reach its maximum speed
rapidly. On the other hand, resolution of demand
velocities becomes more important near the destination

_'track to permit fine adjustment of the speed of the head

28 as it nears the track. ‘
This is the replacement sheet
1 0 NOV 1998

Date:



accordance . with a conparison of the actual head velocities with demand

vel oci.ties of a velocity demand profile, wherein the servo system conprises
Aut omatic Gain Control (AGC) neans (42), responsive to an AGC signal, for
provi ding an adj ustable servo gain for the servo neans with respect to
actual velocities of the head across the disk, and wherein the hard di sk
drive has a stored velocity demand profile, characterised by including the
steps of assigning each track on the disk to one of a plurality of
concentric zones (110'to 118) on the disk; for each zone on the di sk,
determ ning a zone AGC signal that wll4gause the average of the actual

vel ocities -of the magnetic head nnvenen% of _the head within the zone in
opposite directions to be equal to a demand velocity selected fromthe

stored vel ocity dggpRUoR Yhidss éér?éi&&rh'&@.bﬁ%t laes e gt
signals; and thereafter, for each seek to a s% ected datda tracklin"a_
sel ected zdhe gain of the amplifier 66, with respect to the demand
velocity received from the micro-processor 48, as the
head 28 approaches the destination track. High gain, in
5 initial portions of the seek movement, is effected by
‘closing the switch 78 during such initial portiomns, to
place the resistors 76 and 80 in parallel. Since the-
gain of the summing amplifier, for each signal to be
added, is the ratio of the feedback resistance, i.e. the
10 .resistance of the resistor 84, to the resistance through
which such signal is introduced into the non-inverting
input of the operational amplifier 82, the parallel
connection of the resistors 76 and 80 increases the gain

: of the amplifier 66 with respect to the demand velocity.

15 COrrespondinglyg,opehing the switch 78 when the head 28
is near the destination track reduces the gain of the
amplifier 66 with respect to the demand velo;ity. Such
gain transition for the summing amplifier can
conveniently be selected to occur at, for example, six

20 tracks to go in the execution of a seek movement.

The axes 96 and 98 indicate the demand velocity in
physical units for portions of the velocity demand
profile that are implemented at high summing amplifier
gain and the axes 97 and 99 indicate the demand velocity
in physical units for a central portion 93 of the

25 .
velocity demand profile that is implemented at low
summing amplifier gain.
Adaptive AGC Gain Compensation

30 As noted above, one aspect of the present

invention is to adjust the gain of the servo circuit 10
adaptively to ensure that the AGC level utilised during
seek operations will cause the actual velocity of the

head 28 to follow the demand velocity for portions of a
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suppl.ying the zone AGC signal for the selected zone to the AGC neans. 2.
A.met hod according to claim1l characterised in that the conparison i's made
by a summing anplifier (66) for conparing signals representing the actual
and demand vel ocities during a seek novenent, the summ ng anplifier having
an adjustable gain with respect to the signal representing the denmand
velocity, and in that the gain is changed during a seek novenent at a
pre-sel ected di stance corresponding to a particul ar demand vel ocity from
the selected track, the selected demand velocity enployed in the
determining step belng | ess than the par#g cul ar demand vel ocity at which

t he gain change occurs. 3. A met hod according to claim2 characterised in
that the selected demand vel ocity enployed in the determning step is |ess
than the vekeeld mowendret diededthel destinduirl track. To this end,

the tracks on the surface 18 of the disk 12 are each
assigned to one of a plurality of concentric zones that
have been indicated as 110, 112, 114, 116 and 118 in
5 .Figure 3. (For clarity of illustration, only five zones
;have been shown in Figure 3). An AGC level, that will
ensure that actual and demand velocitieshaving the same
value will result in substantially equal inputs to the
"summing amplifier 66 from the differentiator 70 and D/A
10 -converter 74 is then determined for each zone as will
‘now be described. _ : o
- As part of the start up routine programmed 1nto
the micro-processer 48, . the head 28 is moved consecu-
-tively'to each. zone. and, while the head is in each zone,
15 low speed sweeps are made in both directions across the '
B dlsk for a selected demand veloclty, taken from the
velocity demand profile, that has been indicated by the
dash line 120 in Figure 2, for a sweep in the first
direction and by the dashed line 122 for a sweep in the

20 second direction. Such sweeps are effected by entering
the D/A value corresponding to the selected profile (g
- velocity in the latch 72 after disabling summing of the '

output of the controller 64 in the signal sent to the
- power amplifier 88 by opening the switch 68.

25 During each of these sweeps, theﬁounter 60
counts track crossings for a selected time perldd so
that the actual velocity of the sweep is, in effect,
measured for both sweeps, such velocity being directly
proportional to the number of tracks that are crossed.
The micro-processor 48 is. programmed to compare the average
of these actual velocities to the value of the selected
velocity taken from the veiocity demand profile and, if
‘the average of the actual velocities is lower than the
selected velocity, to increment the AGC signal supplied

30

This is the replacement sheet
10 NOV 1998

Date:



profile for a distance of less than ten tracks fromthe sel ected track.

28 4. A nmethod according to any of claims 2 to 3 characterised in that

t he sel ected denand velocity enployed in the determining step is |less than .
25.4 cns per second (10 i nches per second). 5. A nmethod as clainmed in
any of clains 1 to 4 further characterised: for each zone on the disk
determ ning a velocity increnent that will cause the head to have the sane
actual velocity formboth directions of novenent of the head across the

21

to the AGC circuit 42 via the latch 47 and D/A converter
49. 1If the average of the actual velocities exceeds the
selected demand velocity, the AGC signal supplied to the
AGC circuit 42 is decremented.

5 Such adjustments of the AGC signal are continued
until the average of the actual velocities is substan-
tially equal to the selected demand velocity. The
increment or decrement that has this result is then

" saved in a RAM (not shown) that provides a memory for

10 the micro-processor 48 at an AGC correction signal for
the zone. Thereafter, each time a seek movement to a
track in a selected zone is made, the AGC signal |
supplied to the AGC circuit 42 is adjusted to the sum of
the average of the AGC reference signal and the

15 - correction signal that has been so determined.

-'As noted, the sweeps utilised to determine the AGC
correction signals are preferably made at low speed as
- has been stated above. The purpose of selecting a low
speed for these sweeps is to ensure that the AGC compen-

20 sation is effected for actual head velocities near the
termination of a seek movement. As will be clear to
those skilled in the art, mis-magches between the actual
head velocity and demand velocities taken from the
profile will have the greatest effect on the velocity

25 . with which the head enters the control region about a

destination track and will accordingly cause the

greatest risk of over shoot or under shoot of the
destination track. For purposes of this disclosure, the

term "low speed" can be defined, for the case in which a

gain change is made for the summing amplifier 66 during

a seek operation, as a speed taken from the low gain

portion 93 of the profile 91. 1In the absence of such a

gain change, useful criteria are a speed no greater than

25.4 cms per second (10 inches per second) or a speed
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di sk once that increment is added to a demand velocity selected fromthe
stored velocity demand profile for novenent of the head in one direction- .
across the disk and subtracted fromthe same. sel ected denmand velocity for
novenent of the head in the opposite direction across the disk; storing the
veIOC|ty increnents; and thereafter effecting all seeks in sai d one
direction to a track In a selected zone in accordance with a conpensated
velocity demand profile derived fromthe stored velocity demand profile by
adding the velocity increment for that zone to selected portions of the
stored velocity demand profile and effegging all seeks in said opposite
direction in accordance with a conpensated velocity demand profil e derived

fromthe stored velocity demand profile by subtracting the velocity

i ncrement fqyrféeponding toma ungser 6£! Qﬁ'haﬁsp(t"ot g et diteddigd
vel ocity dgyand profile.

Veloc1ty Demand Profile Compensation

5 - While the adaptive AGC gain compensation can be
used by itself to effect more rapid track settling
characteristics for the magnetic head 28 following a -
-seek movement to a selected track, it is preferable to

. use it in conjunction with a velocity demand profile

10 compensation, which is arranged to adjust at least
central portions of the velocity demand profile in a_ :.
manner that will compensate for forces, such as windage
and flex forces, that are exerted on- the actuator 32-in
addition to the Lorentz force provided by passing a -

15 current through the coil 36. " ' - .

Thus, it is spec1f1cally contemplated that the .
adaptive AGC gain compensation of the present invention
may be used in combination with a continuously
adaptive velocity feed forward'compensation.

20 Alternatively, the present invention contemplates
velocity demand profile compensation as part of the
start up routines of the data storage device including
the servo circuit 10 in accordance with a method now to

be described.
25 As in the case of AGC compensatlon, the surface 18
| of the disk 12 is zoned and each track on the disk is.
assigned to a selected zone. Preferably, such zones are
the same zones for which AGC compensation is effected.
Once such assignment has been made, the magnetic head 28
30 is moved consecutively to each zone and, while the head
28 is in each zone, a velocity increment is determined
in a manner similar to that in which the AGC direction
signal is determined as described above.
In particular, and as illustrated in Figure 4, a
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6.

A nmethod as clainmed in any preceding claimin which an-actuator is

operabl e to accelerate or decelerate the magnetic head (28), wherein the

act uat or

is operated to nove the transducer for a predeterm ned tinme period,

in opposite directions, and first and second actual velocities are
determ ned by determning first and second di stances noved during the
predeterm ned tine periods.:
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velocity corresponding to the dashed lines 120 and 122,
for opposite directions of movement of the servo head
28, is selected for making low speed sweeps, as defined
above, in both directions in the zone. Such sweeps are
then effected by entering the D/A value corresponding to
the selected profile velocity in the latch 72 after -
disabling summing of the output of the controller 64-in
the signal sent to the power amplifier 88 by opening the
switch 68. During such sweeps, the actual velocity of
the head 28 across the disk surface 18 is measured in
the same manner that has been described above for AGC
compensation and the micro-computer 48 is programmed to
compare the actual velocities so measured during the .
sweeps. If the actual velocity for the sweep in the

_first direction is lower than the actual velocity in-the -

second direction, as will often occur for zones near the
edge of the disk, an increment is added to the velocity
taken from the velocity demand profile for a second
sweep in the first direction, by increﬁenting the D/A
value for the profile velocity, and the same increment
is similarly subtracted from the wvelocity taken from the
velocity demand profile for a second sweep in the second
direction. The sweeps are then repeated, with the new
demand velocities, as represented by the new D/A values,
and the actual velocities for the sweeps are again
compared. Incrementing of the demand velocity for a
sweep in the first direction while decrementing the
demand velocity for a sweep in the second direction is
further repeated until the actual velocities are
substantially the same for the sweeps in the two
directions, i.e. until the actual velocities are equal
within the resolution of the actual velocity measure-
ments. The demand velocity increments that had this

result, for each zone, are then installed in the RAM
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associated with the micro-processor 48 for use in the .
manner that has been indicgtediin Figures 2 and 4.

In Figure 2, for the case in which the actual
velocity is initially higher in the second direction,
the increment that will cause the low speed sweeps to be

the same for a selected zone has been indicated, for

both sweep directions, by arrows 124 and 126. As shown
in Figure 4, the central portions 93 of the velocity
demand profile, corresponding to the portion at which-
seek movements are effected at a low gain for the demand
velocity component of signals supplied to the summing
amplifier 66, is shifted towards higher to D/A values By
amount equal to the stored increment to provide a
compensated velocity demand profile that has been -
indicated generally at 128. Thereafter, all seek
movements to a track in each zone are made in accordance

‘with the compensated velocity demand profile for that

zone.

As in the case of the .AGC compensation, the sweéps
used to determine the increments are made at low speed
as defined above and the use of low speeds for these
sweeps has the same purpose that has been described
above, namely to compensate velocity demand profiles for
terminal portions of a seek movement, in which
velocities for the head 28 that are too high or too low
will incur the greatest risk of over shoot or under
shoot of the destination track by the head 28. However,
it is contemplated that the compensated velocity demand
profile may also be generated for all values of "tracks
to go" for a seek movement. In this case, the increment
determined for a zone will be added to the profile for
seek movements in the first direction and subtracted for

seek movements in the second direction between the
discontinuities 106 and 108 while an adjusted increment

| ment
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will be added or subtracted, as appropriate, to the -
profile for portions of the profile to either side of
the “discontinuities. Such adjusted increments are
derived from the increments 124 and 126 by dividing the

- increments 124, 126 by the ratio of the gain of the

amplifier 66 with respect to demand velocities at the
higher gain to the gain of the amplifier 66 at the lower
gain selected therefor. In Such case, the compensated
velocity demand profile will differ from the profile 128
as shown in dashed lines 130 and 132 in Figure 4.

In the case in which the velocities indicated by
lines 120 and 122 in Eigure;z’cause, for a selected
zone, the actual velocity for outwardly directed sweeps

- to exceed the actual velocity for inwardly directed.
' sweeps, a case that is probable for zones near the

SPindle-14, increments are added to the velocity
indicated by the lines 120, 122 for subsequent sweeps in
the second direction and subtracted for subsequent

" sweeps in the first direction to determine equal

increments indicated by arrows 134 and 136 in Figure 2
These increments are stored and seek movements to all
tracks in the zone for which the increments 134 and 136
are determined are thereafter made in accordance with a
compensated profile 138 shown in Figufe 5. As shown
therein, the compensated veloéity demand profile is-
founded by shifting D/A values for the central portion
93 of the profile to lower values indicated at 137 by
the amount of the increment 134, 136 so determined. As
in the case described above, compensation can alsc be
effected for all "tracks to go" wvalues that might occur
in a seek movement, such compensation being carried out
in the manner that has been described above.
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In the situation in which both the described AGC
compensation and the described velocity demand profile
compensation of the present invention are used together,
it will be useful to generate both the velocity.
increments and the AGC correction signals for each zone

-before moving to the next zone and, further, to do so in

the order: velocity increment followed by AGC correction
signals. ‘'In this case, the actual velocity for oppo-.

"sitely directed sweeps during the AGC compensation will
be equal, and equal to the average of such velocities,

so that only one sweep will be required for each
correction to the AGC reference signal.
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Claims:

1. A method for.opfimising seeks by a magnetic head (28) to a selected track (19 to
24) on a rotating _dﬁsk of a hard disk drivg: having a servo system that effects the seeks in

| accordance with a comparison of the actual head velocities with demand velocities of a-
velocity _démand profile, whefein the servo system comprises Automatic Gain Control
(AGC) means (42), responsive to an AGC signal, for providing an adjustable servo gain .
for the servo means with respect to actual velocities of the head across the disk, and '
wherein .the hard disk drive has a stored velocity demand profile, characterised by
including the steps o_f: assigning each track on the disk to one of a plurality of concentric -
zones (110 to 118) on the disk; for each zone on the disk, determining a zone AGC

signal that will cause the averége of the gictual velocities of the magnetic head movement
of the head_. within the zone in opposite directions to be equal to a demand velocity
selected from the stored velocity deﬁiaf)d pfoﬁle; Stdring indications of the zone AGC
signalsj and thereafter, for each seek to a gelectéd data track ih a selected zone, |

supplying the zone AGC signal for the selected zone to the AGC means.

2. A method according to claim 1 characterised in that the comparison is made by a
summing amplifier (66) for comparing signals representing the actual and demand
velocities during a seek movement, the summing amplifie_,r having an adjustable gain
with respect to the signal representing the demand velocity, and in that the gainis
changed during a seek movement at a pre-selected distanc¢ corresponding to a paﬁiculm_
demand velocity from ;he selected track, the selected demand velocity employed in the
determining step being less than the particular demand velocity at which the gain change

occurs.

3.. A method according to claim 2 characterised in that the selected demand velocity
~ employed in the determining step is less than the velocity on the stored velocity demand

profile for a distance of less than ten tracks from the selected track.
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4, A method according to any of claims 2 to 3 characterised in that the selected
demand velocity employed in the determining step is less than 25.4 cms per second (10

inches per second).

5. A method as claimed in any of claims 1 to 4 further characterised:
for each zone on the disk determining a velocity increment that will cause the head to
have the same actual velocity form both directions of movement of the head across the
disk once that increment is added to a demand velocity selected from the stored velocity
demand profile for movement of the head in one direction across the disk and subtracted
from the same selected demand velocity for movement of the head in the opposite
direction across the disk; storing the velocity increments; and thereafter effectmg all
seeks.in said one direction to a track in a selected zone in accordance with a compensated :
| velocxty demand profile derived from the stored velocity demand profile by adding the
velocity iricrement for that zone to selected portions of the sfored velocity demand profile
and effecting all seeks in said opposite direction in accordance with a compensated
velocity demand profile derived from the stored velocity demand profile by subtracti.n.g
the velocity increment for that zone from the same selected portiens of the stored

velocity demand profile.

6. A method as claimed in any preceding claim in which an actuator is operable to
accelerate or decelerate the magnetic head (28), wherein the actuator is operated to move
the transducer for a predetermined time period in opposite directions, and first and
second actual velocities are determined by determining first and second distances moved

during the predetermined time periods.
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ABSTRACT —

METHOD OF CONTROLLING SEEK MOVEMENTS
BY A MAGNETIC HEAD IN A HARD DISK DRIVE

‘The present invention prov1des a method for
controlling a seek movement by a magnetic ‘head (28) to a
selected track (19 to 24) on a rotating disk (12) of a -

hard disk drive, in which a servo system controls the

seek movement in accordance with a comparison of .actual
head velocities and demand velocities of a stored -
velocity demand profile, characterised by assigning
tracks on the disk to a plurality of concentric zones
(110 to 118) on the disk, determining for each of .the
zones an adjustment value for use in the compafison for
offsettlng differences occurring between selected demand
velocities and the corresponding actual head veloc1t1es,

 storing the adjustment values, and employing the

adjustment values in the comparisons made during a seek

movement.

oy .

[Figure 1]
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