Met hB8d of Controlli ng Seek Movenents by a ' _ _
Magnetiic Head in a Hard Disk Drive = . . The present invention :
relates to a method for controlling seek novenents by a : ygnet i ¢ head
to a selected track on a rotating dISk of a hard di sk dr|v
A peripheral conmonly used with a tonputer is a hard di sk 4 | Ay
~data gener at e¥léthod o€ Comtyuiling Seek Moveantbygancent ric aCK | fed
i n magneti c coatings formed on netallic disks. The rigi dlty 0
di sks pernits the dat aMagaetic Headde aHasé Disk Drive spaced so that the hard
disk drive is capable of storing |arge -amunts of information.

Because of this capacity, the hard di sk dr|ve I s"becom ng i ncreasingly

opul ar w
pop ‘I‘he present invention relates to a method for controlling seek movements by a

magnetic head to a selected track on a rotati_ng 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 ngldlty of the disks permits the data tracks to be closely
spaced so that the hard disk drive is capable of storing large amounts of mformatmn
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
mdved' across the di;ks 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 énd; similarly, to read data, it is
.neces'sary 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 servo circuit differentiating the position error signals to

obtain a signal proportional to the radial velocity of the servo head across the disk, and
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conput.er users. Data is witten to or read froma selected track by

read/ write heads, whi ch are supported by a pivotal actua adjacent
to di sk stacks so that the heads can be?2 noved across th
passing a current through a coil provided on the actuator
the heads and imrersed in a magnetic field. I i at
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such data has previously or t ese purpos ard

di sk dr di¢@née frBfnOie dRstintibh tﬁcﬁesrmes kHanlUhé vEIBBlty EkeR From the Vel&@yVO pattern
in the data tracks or on a dedi cated servo di sk surface and respdnds, in a

seek nodemaid mrofitefor ahatafistinte, 5 eomectionssigl i geneindd aid frigminedrEnt to the
track, O'ten, the servo pattern is used to generate a
pat t er npewercamplifgaradhicin passes i verreft thioegh the adtwataxt ¢odhincf diréationabat witli ch
reads the pattern (referred to as the servo head) w th respect

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, thé 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 vglocity such
that the head will rapidly settle on the track when the servo circuit undergbe’s 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 position error

signal, and the integral thereof, and transmitted to the power amplifier.

In practice, this ideal has not hitherto been lachieved. In pérﬁcular, bias forces are
exerted on the heads by air swirling about the disk surfaces and by 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 té the difference
between the demand and actual velocities of the heads across the disk. Moreover,
electronic offsets similarly affect the relationship between head acceleration and |

deceleration and the difference in actual and demand velocities.
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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. In 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, megsurement 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, georrretrical equiValents of dibits of the servo pattern cannot be-
maintained because of the decreasing circumferénces of the tracks from the edge of the
disk towards the centre thereof. As a result, Signals 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 that 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
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serve head is greater than the demand velocity for a given servo head
location, a current passed'through the actuator coil w

direction to decelerate the servo head. By desi %ﬂ |OCI ty
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- position of the magnetic head is controlled under fine position control, and calculating
one or more offset correction values and outputting the calculated offset correction
values to the speed control unit and the position control unit. The magnetic disc drive
system of EP-0272076 may further include an autométic speed control gain adjustment
unit, which after completion of the offset correction va.lue calculation, determines a
speed control gain used in the speed control unit by seeking 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 mechanism in accordance with
incoming velocity difference data, by a current which comes from a power selected by
the switch, a velocity 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 section, a current position detector, for detecting a
current position of the head to produce current position data, a current velocity detector
for generating 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
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nmeans of which electrical connections are nade to the heads,
‘result that the acceleration and deceleration of the heads vm
proportional to the difference betweén the demand and act ual
t he heads across the disk. Mreover, electronic offsets si
the rel ati onshi p between head accel erat ion and deceleration an
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shoot or W nsuftrci e t'hat can cause the head
to stall before reaching the

US-4333117 discloses electronic circuitry for.imp'roving the speed and accuracy of
shifting the magnetic heads of a disk memory from one track cylinder to ahothe_r. Head
velocity is measured by xheasuring the servo head transit time between adjacent tracks of
the servo disk. A microprocessor 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 préferred velocity profile.

-~

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

In accordancg 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 demand velocities of a velocity demand prdﬁle, 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 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 accordance 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
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track. In either case, time is consuned in settling the head on the track
sufficiently that reading fromor witing to the track can be comenced.
The net result is a loss of throughputgof the hard disk driye™Qat is
the average rate at which data can be stored or retrieved Q

wi th which the hard disk drive is used, is reduced. @NH
that results in the loss of throughput is bit crowding that occ 2 L

i nsi deand effectingrall $eekslirstaid uppasite diraction imgaccbrianes with paxtoimpensated N many
cases, it will be desirable to adjust the gain of the servo |oop by '
provi divelgciin demand prafiie denivesk fromgho sigsed veio%tyodmar@f profile byesubtragting er n t hat
are geonetrically equivalent fromone track to another _so that, ideally,
measur dieeYRlocity iscrpment foyrthat zoag fram thecsamer seleckaspprignssefcthe giosd s wi | |

provi de a ,cogsta,g‘ie arral i tude signal that can be used for AGC of the | oop
gain. Mplocily gempRdprafiiGever, geonmetrical equival ents of dibits of the servo
pattern cannot be nmaintained because of the decreasing circunferences of

the tracks fromthe edge of the disk towards the centre thereof. As a

result, si ghal Snd PRRER! Blerdtdn! f1EviRE! ¥ et sc? %dflishhg The velocity demand

profile adaptively so that the differentiated 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 methodsdescribed below, the tracics 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. In 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 differentiating 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
that the average velocity for such sweeps equals the maximum speed called for by the
micro-processor. Thereafter, 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 veldcities for two oppositely directed sweeps to be the

same as the demand velocity called for to effect the sweeps. Again, the actual velocities
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of the servo pattern pass thereunder can superi rrﬁose to cause the

anpl i tudes of the signals to differ fromthe anplitudes of
that will be produced by isolated seryo pattern dibits. Mor
of the variation of track circunference with radius, the d
superposition will vary fromone track to another. The

that a loop gain that is appropriate fromone track is not approprs
ot her ate meksuredTby measifrirprthe viereaipe theolead gatravérse aselécted numberot theg a se

signal s

operation, the differentiated position error signals, to which signals
cor r esmacksli The AGE korrectiomaate theh savediie thet Ik wpftab)mand she/avesaget 4Glenand

profile are conpared, will not be representative of the actual

t he. sdevebisasiestedsy addingathg comeetianfgch times jegk mgyement is made to a

in the zone for which the direction is determined.

For adjusting the velocity demand profile, in accordance with the present

trgcﬁcl ocity of

invention, 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 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 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 track 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 tracks.

Advantageously, the invention as described compensates for bias forces on the
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heads* on a desti.nation track can result in lower data throughput.
EP- 0272076 di scl oses a magnetic disc drive system which inclu
whi ch i medi ately upon receipt of a pgwer supply and before
seek command, neasure one or nore position offset val ues al
cylinders on a magnetic disc by detecting the control current
control current detection circuit when the, position of the nagneticC
i s conactoatbedf thedard fiskerive and ieteatroniatafsets dunidg sedicmouements tatracksronmor e
of fset correction values and outputting the cal cul ated offset correction
val uesdisks ohthedlsived control unit and the position control unit. The
magnetic disc drive system of EP-0272076 may further include an autonmatic
speed control gain adjustnent wunit, which after conpletion of the offset

correction_value cal cul ation, determ nes a speed contrpol .gain , used in the
Speea. cont FURMIn e WycuBaS des it muRs QU O TRE Rres (OE U Mar BB |
cyl i nder .Lhnder aPoD” ati.on of Ehe cal cul at ed..of f set val ues and neasures a
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 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 compensated velocity demand profile for a zone near the

outside edge of the disk; and

Figure 5 is a graph of a compensated velocity demand profile for a zone near the

spindle whereon the disk is mounted.

The Servo System
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time for the seek which neets a requirenent of a reference seek time.
EP- 0293809 di scl oses a control apparatus for controlling the pgsili oni ng of

a head in a recording/reproducing appargtus which conprises a age
mechani sm having a head, a switch for selecting one of a bat @%{ggi”v
. ,ag

power source using commercial power source, a driving section
the carriage mechanismin accordance with incomng velocity differes
data, by a cRignent ilinisirates geneeallyf the woastpwtien of altgpicaldenso cirdul, designated a
velocity difference detector for generating the velocity difference data on
t he basity @f numeeati 19y forsa uatingedisic datg sthaage davices uAs dhistrated dherein, thet a and
for delivering the velocity difference data to the driving section,

current 664 ¢irqt Hrearmprises ampiyratit afdisksg oaly mqféﬁhlclbb%ﬁihpmﬁn(ﬁlgwﬁé head to

produce cur.rent, posjiion data, current vel Qcity degector, eneratl ng
the cur r%‘i‘t’%‘@?‘%&t@‘{/ by e-numesah ]ta%é hat\are E?ﬂax‘ﬁﬁ&"ﬂ tedon ésl?lf‘@ﬁm current

D051 e BB SV LA REPGRTH Bl R B g o 0o
current ﬁc{ﬁé tst'lr?fcedﬁtgt tixe 31‘?1315? a?euﬁr%ﬂlted 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 conventional 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 cdnta.ined 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, if 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 is a dedicated servo surface,

information on the surface 18 of the disk 12 will take the form of a servo pattern
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position detector and for delivering it to the velocity diff

detector. The node select signal is determ ned in associatifon h t he
sel ection of the swtch. US- 43 ?3117 di scl oses el ect '
for inproving the speed and accuracy o shifting the magn

di sk menory fromone track cylinder to another. Head velocity
by measuring the servo head transit tinme between adjacent tracks of
ser vo cdmpkising magnetgadodibiss tiat arerposiioned both radiajly aod civcumiersntialipfter r ed
velocity profile data stored in a read only nenory provides a control
si gnalcagss generatipm ém therfgrver haad i 28raf] sxcrméampragentm betin thezredialbandcity to fol | ow
the preferred velocity profile,

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 demodulator
46 which generates position error and track crossing signals used to position the head 28
as will be discussed below. In the present example, it is contemplated that the AGC
circuit 42 is of a type wherein the gain of the amplifier 44 is varied by continuously
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, 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
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It -is an object of the present invention to solve the problens described
above. In accordance with the present invention, therg~g_provided
a method for optimsing seeks by a magrfgtic head to a sel ect b%ac
rotating disk of a hard disk drive having a servo systemtha ¢Gmhe
seeks in accordance with a conparison of the actual head vel oCT~ ALf
demand velocities of a velocity denand profile, wherein the hard dis
drive hdiskavidl i getieratddoini thy hék BB éhchrtithée h@ﬁOWS@&tLﬁlﬂéﬁﬂﬂ hexd 28ahddi.ng t he
steps of: assigning each track on the disk to one of a plurality of
concent furntherpothsr puisdshgeneliasdd; by theheadh28 wilimaveamplitudes aé Jargert thamihe ng a
velocity increnent that will cause the head to have the sane actual
vel oci t gmplitudes ofithei signatsi generated byotherspokesofIntsuch ke &GG cirosit, 2 he di sk once
that increnment is added to a demand velocity selected fromthe stored
vel oci t yubstpsiaHyl corsirnt signalofor gempanson with theeAGEareferancersignsl catbeon acr oss
the disk and subtracted fraomthe sane sel ected denmand velocgjty for
mov emenBERATAEH OY RReakdatector 54 sppRacied 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 microprocessor 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. 4,811,135, the servo péttem
shown therein, and 1llustrated 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 theréto. 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 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 10 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.
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di rection across the disk; storing the velocity increnments; and thereafter
effecting all seeks in said one directionto a track in a selected zone in

accordance with a conpensated vel oci tﬁ,demand profile derive t he
stored velocity demand profile by adding the velocity incre E{,or
zone to selected portions of the stored velocity demand profijl GIN 4
6 and effecting all seeks in said opposi te direction in accor se W AL&?‘
conpengBhegeonyethyost th pdesmnBEatividll deklt Hethee \appropkiat® tiriigsiasbeen WAt ¥
dermand profile by subtracting the velocity increment for that zone from
t he sanhe sfotenmntidngbtt $.0PaemNG.NE851,0B88d Thesk puisey, refersddopreodin las.

track crossing signals, are provided on a conducting path 62 to a ciock 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 opération 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 thefeof, of a correcfion 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, 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 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 paraliel with the resistor 76, so that the gain of the
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Thus, ~the present invention provides a nethod for adjusting the velocity

demand profile adaptively so that the differentiated positio ror
signals to which demand velocity si gnallc?s are conpared are r?}M
of the actual velocity of the servo hea near the destinati Y

the velocity demand profile takes the bias forces into accoun WA{
an appropriate velocity demand profile to be conpared wth actual
vel oci tsh@gning amplifiet 66,1 WRh FEpBAGo YRS CélobiBdddiRArdigral ecah bRG/asie@ Byt he surfac
whereon the Servo pattern IS witten aré assigned to a series of
concentopesing eMesvitdhd78, fob tgw gainD ok slodmigahepeilctam8) fos higheghid,dn respohseof t he
zones to be used in nmaking seek novenents to tracks in such a zone. In
parti cud arsignahprovidteddyy the amicgaprocessof #8.5t det er mi ned by progranm ng a

m cro- 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 naxi mum speed
for the serkhe sauning@niplifien 66 somprisescareeneratingal araplifier 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-invertihg 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 in proportion to the output
signal received from the summing amplifier 66. .

.

In addition, the c.:__ir'cuit 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 r;umbers, referred to hereinafter as D/A values, to
electrical signals having voltages, with respect to the system ground, proportional 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 surface 18. Higher numbers in the latch 72 will
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actual average speed, as deternmined by differentiating the position error
signals, is nmeasured by determining the tine required for the
cross a sel ected nunber of tracks. The ,average | oop gain, exp
AGC reference level, is then selected 4 that the aver age vel
such sweeps equal s the maxi num speed called for by the mcro-pr

Thereafter, the servo head is noved to each zone in turn and | ow spe

sweeps raift ifBdGelbéltyOdiRald! Sarfhl (6 el aMlifleP 66 UrRNinE fedrive hShesd28 @Cbadn t hat

will cause the avérage ofﬁ% he actual velocities for two oppositely

di r ect eliresHGERGrotVthBSuifhce 1S aitlonfer hiimbesrwilictestt dcd velociay dedaridosignad ef f ect
the sweeps. Again, the actual velocities

7 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 43, 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 represénted by the central vertical axis 94 of Figure
2.
p :

Such movements are effected by outputting a succession of demand velocities,
expressed as D/A values shown oﬁ the axis 94, to the latch 72 for conversion to an
analogue signal by the D/A converter 74 and for transmission 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 ﬁssumed 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 decreasing the D/A value results in movement of the
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are freasured by neasuring the tine for the head to traverse a sel ected
‘nunber of the tracks. The AGC corrections are then saved in the
tabl e and the average AGC Ilevel is ag' usted, by adding the corrmgti
time a seek novenent is nade to a trajﬁ in the zone for which’ t‘gg

direction is deternmn ned. For adjusting the velocity denm

profile, in accordance vm' t h the present invention, as described bel ow

di sk hﬁa nn?EéEBﬁ&'dx ﬂSﬁn h ﬁ-.P%d LdoOREKL € directions are nade
in each zone Tor a se cte eman 00|t taken fromthe velocity demand

profile. During such sweeps, the actual head velocity is measured as
descri bed above. The demand velocities for such sweeps are then adjusted,

by i ncrenghé DY VdiGes 4 dBrrelated ! vaigh Valotities fneed@mndnded fonthehiead28i on and
equal |y decrenenting the demand velocity for novenent in the other

di r eclatross the didk iai physicaielrmis| suchi aseeatimetresior diches)per secude Additionak denand

velocity profile during novenent of the servo head in one direction and

subt r gettieadl dxes 96and 197 amdicating eleonand welpcities fire pbiysidah gnitofosmeenement ithe ot her
the first direction, have been included in Figure 2. Similarly, axes 98 and 99 have been

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

Initially, it is noted that the velocity demand profile, iﬁ physical veldcity 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 diséussion 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 vel_ocﬁies for.
the profile that will éause 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 maximurﬁ speed that is indicated by flat portioris 100 and 102 of the
profile. In 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 comparison 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
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velocity increnents are stored in relation to the zones and,
each time a seek novenent is made to ggtrack in a selected zo
is carried out with respect to a conpensated velocity derive
stored velocity demand profile by adding the velocity increnent t
| east portions of the stored profile for seek novenents in one
t 0 tr aaidsdanmandhelovitiesaifahle heade2@nHoBakingabe tragsitidre tosBhe corttyolj ocuenknt from
correspondi ng portions of the stored profile for seek novenents in the
opposi 2 geletedimeadter entry of thedieail 28tihte the certreldregionabout the destingiopr esent

i nvention thus optimses the tine for magnetic heads of a hard disk drive

to set®aeK, e swikdwé8 isrcloged jagd dhe P valueia thelatdnwihis sk gerodemdnd to t he

tracks. ) Advanpt ageously, the [nvention as descri bed conpensates for
bi as Yoy Yn pf%grag{y, 0 a position feed forward value. ' i S

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 microprocessor 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 ¥elocity 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 géin 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 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 cohverter 74 in acc'ordénce wiEh the -
stored velocity demand profile that has been illustrated in Figure 2, while the switch 68

- is held open by the microprocessor 48.

Before proceeding, it will be useful to explain the 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
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-8 ractuator of the hard disk drive and electronic offsets dugpng seek -
novenents to tracks on disks of the drive. ’ Further, t '
as described advantageously conpensatgs for forward gain va
such variation as torque constant non-linearities. - Th
I nvention wll be described further, by way of exanple, with refer

t he acconpanyi ng drawi ngs, in which: Figure 1 is a schematic dia
of a fremvthe senvogroumf lewel; as itdicateddiysthe diatizomaloaxigg04. dewiscdyringhseski ch t he
met hod of the present invention nmay be used,;

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 destinaﬁon_ 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 mode 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 tﬁe 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 destinafion 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 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 heéd 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

[
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Figure 2 is a graph of a velocity demand profile stored in a nmcro

processor of the servo circuit of Figure 1; Figure 3 strates
zoning of a servo surface of a disk ofigthe rotating di sk dat a/gﬁ;*ﬁg\
device of Figure 1; Figure 4 is a graph of a conpensat’ @’l{ly .
demand profile for a zone near the outside edge of the disk; a AL g
Figure 5 is a graph of a conpensated velocity, demand profile for & zo {
near SRROt PRIy AR AXGeERYE €4ley i rRding framm oF aditing to the,destimation tigek,em

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.

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
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9 : Figure | illustrates generally the construction of a typical
servo circuit, designated by the nuneral 10, for a rotating disk data
storage device. As illustrated therein, the servo circuit 10 c i ses a
plurality of disks, only one of which f% shown in Figure 1 ang
desi gnated by the nuneral 12, that are co-axially nounted on a ggi@]]v’é&e
for rotation in the dlrectlon of an arrow 16. As is known in th

di sk S&thf)ﬁﬁéﬁcansdéﬁbemé\ﬁlytﬁbeseﬁééféd%%cé& &f fdrskafliph sbetradds@o PoaNigged W
magneti sed coatings so that information can be witten along concentric

t r acksexesutidh 6fa kdek movahent.19, 20, 22 and 24 partially illustrated on the
surface 18, by magnetising consecutive segnents along the -tracks in
opposite directions using a conventional magnetic head 28 that receives an
el ectrical current froma conventional read/wite circuit (not shown).

Thus, by vEhgixas 96 and 98 indicate the demand velocity in physical units for portions of

the velocity demand profile that are implemented at. high summing amph_ﬁer 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 objective of the present example is to adjusf the gain of the
servo circuit 10 adaptively td 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 séek movement near the destination track. To this end, the trécks ori fhe 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 having the same value will resuit 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-processor 48, the head
28 is moved consecutively 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 demahd profile, that has been indicated by the dashed line 120 in

Figure 2, for a sweep in the first direction and by the dashed line 122 for a sweep in the
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the direction of the current as the disk 12 rotates, consecutive segnents
of a track are mnmagnetised in opposite directions to record thg~formtion
that is contained in the series of curgent reversals through ea

Subsequently, the information is read by detecting the magnetfi @r”?ki "
occurring al-ong a sel ected track. For purposes of illustrats L

surface 18 ‘gf,the digk 12 is asgigfmad to be. a dedicat (id servo syrface
cont ai nfSEENS AFGeLan. \euch psepnneshtected by, entering ths P/tnvalue.FomespendiBgite 10 in

a seek de, of .operation.tq ve ad,.28..fromone track to apgqther,

2nd 1 Beerletied RERFB eI e ol alfetsisabing S hiiee:of 86 iy b

radi al Lannent . Wwih a,selected track. r, it.wll be clgar to those
skill ed&}%‘%{lnlﬁlé@%ﬂ? M%Sé%“at‘ ﬁ%P‘S? i‘%ee‘ﬁ werimﬁ%\[{%ﬁeqyso%{ngl t#‘?ns‘f/gﬁhb ' the use of
a dedi cated servo surface for carrying out these operations. Thus, it is
contenplated that the circuit 10 can be of the enbedded servo type wherein

3?;‘42 | nf Or MRIAR ehéh bPHHRESRALHE thiichintPb@ iRl whék Slodifsh P alstRed of the

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-processor 48 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 signal supplied 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 AGO 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 substantially 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 compensation 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
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In keeping with the assunption that the surface 18 is a dedicated servo
surface, information on the surface 18 of the disk 12 will ta the form

of a servo pattern n

10 conprising magneti sed dibits that ate posi tioned both ra QR/]% i
circunferentially to cause generation in the servo head 28 of—si AL £
representing both the radial and circunferential |ocations ofT%ﬂ\f
Wi th respealfréf tﬁé‘ﬁrdﬁ’lé‘%)iﬁ have @h@%r&ﬂt&'ﬁ e@fgctrdﬁttﬁé%loc&y w‘éﬂ'l' WHieh ehdRdader N of

di bits and the manner 1 n which dibits are utilised to generate servo

\?\/In Ig(r:\f]ﬂ Z reg&’irs hreesdntlob fdgiditsgbouna destinafion Btk Ned will 8dcbrdirfly dalist the aeditades of
risk of over shoot or under shoot of the destmanon 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. 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 corresponding to a number of tracks to go not exceeding ten.

Velocity Demand Profile Compensation

Wﬁile the addptive AGC gain compensation can be used by itself to effect more
_rapid track settling characteristics for the magnetic head 28 following a seek movement
toa selectéd track, it is preferable to use it in éonjunction 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
described above may be used in combination with a continuously adaptive velocity feed

forward compensation of the present invention.

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 'r'ibw to be described.
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i.ncor porated herein by reference. ‘The head 28 is supported adjacent
t he surface 18 of disk 12 by an arm 30 of an actuator 32 that i s mounted

on a spindle 34 so that pivoting of thg,actuator will caus I
novenent of the head 28 across the disk™12. Such pivoting §D¢?L§§¥ea .
passing an electrical current through a coil 36 nounted a ﬁu)qxgé
actuator 32 opposite an end carrying the head 28. Pernmanent 4 f
shown) are positioned about the coil 36 to imerse opposite sides of e
coil 36 in oppositely directed magnetic fields, indicated by arrows 38 and
40, so that Afsliowhefase of WGE compérnsatigh, thésurfadel 1836f the diskel2 idizored amh causes
the head 28 to nove radially outwardly while flow of a current through the
coi | 3eadhrtrackeonothp désktie askignedito arseleated zone.h Preferadilyz Suctvzonss are thei al | y

i nwar dl y. Signals generated in the head 28 are transmtted to an AGC
ci r cui fampzongsifehwhich e Csempansation apeffecieth | Qdesuch assignmang hasbgesh t he
signals are passed.to a denodul ator 46 which generates gpsition error and
track B1agesthsdnagngiic head 2kis mevedsonsacykively o ﬁ@cgbzozs 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 velocity correspbnding 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 outpuf 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 océur 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
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as w'll be discussed below. In the present exanple, it is contenplated that
the AGC circuit 42 is of a type wherein the gain of the anplp~<Ngr 44 is
varied by continuously conparing the ggxi num anplitude of t
the output of the anplifier 44 to a reference signal supplife
m cro-processor 48, via a latch 47 and D/ A converter 49. Cons [

this AGC approach, the dibits witten to the disk surface 18 incl ud€ i
r adi alfoy thevssvdeppin thg tebelireotionst hiet uflr the apmkkeciacitiesdre equal gvithin tdes al | t he
tracks on the disk surface so that, in principle, pulses having the sane
anpl i trestdutiasr ofathe acwatkelocity mikasurements. The dentand velotity insraments thatlkad n t he

head 28 each tinme a spoke passes under the head 28 and, .
this result, for each zone, are then installed in the RAM 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 f<.)r the demand
velocity component of signals supplied to the summing amplifier 66, is shifted towards
higher D/A values by an amount eqﬁal to the stored increment to provide a compensated
velocity demand prdfile that has been indicated generally at 128. Thereafter, all seek
movements to a track in each zone are made in accordance with the compensa;ed velocity

demand profile for that zone.

As in the case of the AGC compensation, the sweeps used to dé"termine 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 will be added or subtracted, as appropriate, to the profile for portions
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further, other pulses generated by the head 28 will have anplitudes no
l'arger than the anplitudes of the signals generated by the spokes. In such
an AGC circuit, a substantially constagt signal for conparison- t he
AGC reference signal can be generated“by a peak detector 52 c})

the output of the variable anplifier 44. The output of the peaﬁf@
52 is connected to one input of a difference anplifier 54, the "

of ~whi 6hufeq5‘reme% éiﬂher §i8E oF BlCdisconfinditied." SieH AFusCincineatsaer 48, and
output of the anplifier 54 is passed to a gain control term nal of the

var i ablderivetPfromi the ifttemuntd 129uh@ 226 b idividing Ibe Inctimenes1iRde 426G yaheponent s of
the output signal fromthe anplifier 54. As described in the

af or emeatid ofiwhe galinSof tRetamplifibb66 4ithlrbspedblo déneandevelaritiestat eherhighdregain t her ei n,
and illustrated in part on the surface 18, defines a fine control .region
about eathie gairmok theramplifies 66fah the m@eegamrsdlemgdfthemﬁorh dn such gsse,nthe bet ween
such track and each of the tracks adjacent thereto. In this region, for
each t cemRensated velaeity demand pagfile will di fer 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 2
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 dettrmine equal increments indicated by arrows 134 and 136 in Figufe
2. These increments are stored and seek r_nbvements to all tracks in the zone for which
the ihcfements 134 and 136 are determined are thereafter made in accdrdance with a
compensated profile 138 shown in Figure 5. As shown therein, the compensated
velocity demand profile is found 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.

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 zbne 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

i




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 cen%_ e of the head 28 fro centre of
the track associated with the region e position error y{g\
measured froma servo ground VSER, which is held as a sel ect g L
| evel above a circuit ground established by the power suppl ym% ,-.
for thgpp daﬁallyqsreé&d%memmgcme Am\esmpexﬂaahwn Qﬁll%%hﬂeﬁn@)éq@al\t@ kher0€

regul ator (ndt shown) ‘connected across the power supply.

Addi t | gverhdeyef subk vél%ﬁmésl' <ot 4t difly 908 SWeep Will bé Féquired fopedchedr@eien & ed i n
the head 28 by the passage of edges of the servo pattern on the disk

sur f acthel8GQnefareidesignahd 28, and provi des the down goi ng edge of a square
pul se each ti.me the head 28 passes froma fine control region about one
track to the fine control region about an adjacent track.
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12 (The geonetry of the pattern that will result in the appropriate
timng has been shown in the aforementioned U S. Patent No. 4,311 135).
These pul ses, referred to herein as tr crossing signals, af
on a conducting path 62 to a clock ternihal of a counter 60 i
the m.cro-processor 48 so that, during a seek operation, fthe
tracks remaining to conpletion of the sﬁ " be conti nuous
mai nt ai NEYAIMSt he counter 60, by enteri HI Imﬂu"ﬂmmml ement of the
nunber of tracks the head is to be noved afd Subsequently clocking the
counter 60 with the track crossing signals. The direction of novenent is

determned in a manner that will becone clear bel ow
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
accordance with a comparison of the actual head velocitiés with demand velocities ofé.
velocity demand profile, 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 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 movemeént of the head in the opposite direction across the disk; st_oring the
velocity increments; and thereafter effecting all seeks in said one direction to a track in a
selected zone in acf:ord’ance 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.

2. A method according to claim 1 characterised in that the demand velocity
comprises a digital value, in that the incremental adjusting step comprises adjusting the
digital value for the selected demand velocity, and in that the velocity increment

comprises a digital value.
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The position error signal is transmtted to a proportioning integrating
controller 64 whose output constitutes one conponent, proportional to both
the position error signal and the |ntggral t hereof, of a cqr si gha

supplied to a summing anplifier 66 dur—r—rrg——ope'r—aﬁ—oﬁ—e*f——t—he

cu
10 in the track followi ng node. An elec swtch 68 . C E?ﬁréw,qthe
m cr o- processor 48 is closed during su H H EII ml ?ﬂ for are

one track to

beconme cl ear bel ow, opened during a se

another. The position error signal fromthe dermdu ator 46 is also

t ransnBt t ed A methodiactendary toaflaim 7 Or claivhi2c¢hacantdrisediinl that theokelatity a si gnal ,
‘corresponding to the actual radial velocity of the head 28 across the

sur f ac@ci@nentds addedsomsubtractedrglifing esedkompvementiffom aipreselested distanger t i oni ng
control schene of operation of the circuit 10 during track followng and to
ef f ect cergespondiag 40 aqastiqulasesrmadivelosityt fomibeselected tracketfip selegted pe
descri bed bel ow. In addition to the signals received fr mt

cont r ofi¢mandYelgeity employed it therdsfermaning jsiep @Uﬁ%f‘- aRrHic Rardculay er“@é"gl ves a
vel oci 5 log,l%;rand signal, utilised in effecting a seek

4. A method according to any one of claims 1 to 3 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.

.

3. A method according to any preceding claim characterised in that the selected
demand velocity employed in the determining step is less than 25.4 c¢ms per second (10

inches per second).

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
seécond actual velocities are determined by determining first and second distances moved

during the predetermined time periods.
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operation, fromthe mcro-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 switchg78 and series resist
parallel with the resistor 76, so that the gain of the Q
13 . summing anplifier 66, with respect to the velocity dem 8[@&]\] n
be varied by opening the switch 78, for low gain, or closing t C
78, for high gain, in response ABSIRsﬁGjBaI provi ded by the micro-proces
48. The sunmi ng anplifier 66 conprises an operational anplifier 82
havi ng a feedback resistor 84 connected between the output of the
operational anplifier Methodoft GenirnllingtSeely 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 rotaﬁng 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 concéntric 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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i
i nput thereof in order, in conbination with the resistors 76 and 80 and
resistors 86 and 87, to fix the gains of the signals received by the
anplifier 66. The non-inverting input of the operational anplifier 82;is
connected to the servo ground. The output of the sSHTTTg oMttt 6§ E?
provided to the input of a transconductance power a g‘!ﬁﬁ{fﬁk§£57£ ch
drives a current through the coil 36 of the actuatot_3 r tjion to
the output signal received fromthe sunm ng anplifier 66. *In
addition, the circuit 10 conprises a conparator 90 that receives the servo
ground at its nﬁn-lnvertlnq,ln ut én' the signal fromthe A conperter 74
at its inverti géi put, t9 peqnit@ asyrengt of the servolground as part
> e

of the start up uti ne tire daiﬁgstprage\device contai nlng the servo
circuit 10y To thijseend, |{the m ¢ro- progess S prograﬁhed to out ptH,
during sta up{ 3 success&pnlﬁf digi y ¥y essed  nu efs th .
correspond to~dif flerent ye&pchbies E wﬁp ed of thefhead 2 ring a
seek operation,fand to nutoﬂ%ﬁhe | off_the [compalator 90|¢n 4
conducti ng path{93. S IS - %
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The D/ A converter 74 converts these nunbers, referred to hereinafter as DA
values, to electrical signals having voltages, with respect to the system
ground, proportional to the number in the latch 72. The voltage | evel of

the servo ground is selected so that a digitally expf ' )‘Q
substantially at the m d-point of the range expressi ' é\‘mlé?.t ﬁh 7g,u
will, in view of the connection of the non-inverting i%} ' |

operational anplifier 82 of the summ ng anplifier 66 t0 tne sServe~ground,
represent a zero demand velocity for the head 28 across the surface 18.

H gher nunberg 2%he latch 72 w Y | 24
' r/nv ?@ demandA

si gnal the anplifier 66 tending to
450

14 result in
drive the hvaq

VALUE
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d¢rection across the surface 18 and | ower nunbers will result in a velocity
demand signal tending to drive the head in the opposite direction across

t he surface 18. Vel ocity Demand Profile . Fifg ustrates a
typi cal velocity demand profile, generally indicated ()
nunmeral 91 and stored in the |ook up table in the mc
means of which the.servo circuit controls novenent of the
track to another track, that is, to a destination track represented by the
central verticalggxis 94 of Figure 2. Such nmovenents are effected
by outputtng/%Jsuc ssion of demand v%/acﬁéies expressed as D/JA val ues
shown on,i ,_d,ga{ﬁg t o t1é9) at cjr’e® 12, conversion to an anal qgue signa
by the Ef onperte nd_ for t ansny S?on to the summing ampliffier

DEMAND VvELCCITY
FIRST DIRECTION
DEMAND VELOCITY
SECOND DIRECTION

T ————  — — — — o— — —— -

VMAX

-2 '\
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08 2 NGV 896 ade 118 Methodiof EontrolingSeskdslovmentsdy aat i on track.
pur poses of il fustration, it will be assuned herein that novenent of

i rst diVegoetimHeadan aHatkDislkt Privedge of the disk 12 is
«£asing the DDA value to the latch 72, whil e decreasing

he DA value results in novenent of the

The present invention relates to a method for controlling seek movements by a

magnetic head to a selected track on a rotatihg 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 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
locauon of the head which reads the pattern (referred to as the servo head) with respect
to the centres of the tracks, the servo circuit differentiating the position error signals to

obtain a signal proportional to the radial velocity of the servo head across the disk, and




;J

15 head 28 i BEMEMBNE% Ti n away fromthe outer edge of -the disk.

The D/ A val ues}aije correlated WMth velocities to be demanded for the head
- 28 across theldilskyprnovveegal units, such as centinetres (or inches) per

second. Additiqgngl verti cal aife 96 and297, indicating demand velocities

I n physical unijts [ the first direction, have been included

in Figure 2. Sifmlarly, axes 98 and 99 have been included for the second

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

| ni ti al |§empagingdhe actugl velppitytafdhs sgrue head withwielpoitiestsigred as A vglogy cal

vel ocity, units ersus nunber of tracks to go ip nmaki ngba seek novenent to

a sel ectdsmapd frofile ip slopk ypyable dnyg mygrosprogesiery fighe getughvelaciy atagiven esent

I nvent| Cdistance from R \égsr?{nﬁggr? lra.cr:’f?1 1¥16wer 81a¥1 Qﬁé velocity taken from the velocity

demand profile for that distance, a corre_ct'ion signal is generated and transmitted to a
power amplifier which passes a current through the 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 prdﬁie 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 signs generated in proportion to the position error

signal, and the integral thereof, and transmitted to the power amplifier.

- In practice, this ideal has not hitherto béen achieved. In particular, bias forces are
exerted on the heads by air swirling about the disk surfaces and by 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 similarly affect thé relationship between head acceleration and

deceleration and the difference in actual and demand velocities.



only a qualitatileRERLOCEMENTOAHEET tlhe manner in which the profile is
obtained will bejgivéen. 1In genjr |, the velocity demand profile is

- obtai ned by node}l n@é%\n?%a i cal and electrical properties of the
rotating di sk dafal storage devi ciecEnd selecting velocities for the profile
that will cause {hi an initial’high accel eration towards the
destination track followed by a petriod, for |ong seek novenents, in which .
t he head has a ecre€d constant maxi mum speed that is indicated by flat

portions 100 and RALuRf ihkRadsPdhét BllowTh@vélbéld) ddiRidd rofitd aﬁdb%c&ﬁeiﬁgfy,
novenent, dermand velocities are steadily decréased to cause a controll ed

decel er ati efan efrive® theasktidtiéhahciMvith af @We&sivE gpdeaaRatAudes ovenitRot bhhef | ne
control region about the destination track with a speed that wll

facilitate trackpr svithedrt insuificivint sjeed headan otuse ticheldad isallt beforetreashkngafheer a
transition to the track follow ng node of operation of the servo circuit
10. tracke éix eisharcase,aitae & eonsimeed af fettting thevliead tonethe traplasiffioiendyf thdre
demand velocity, which is continually updated at the latch 72, and the
actual vel #edding f5pm orewritingl t@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. In 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 patteﬁ 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 equivalents 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 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 fhat is appropriate from one track is not
appropriate for other tracks. Thus, if an average loop gain is used for éffecting 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



which is indic
seek operation
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ntiator 70. The switch 68 is open during

iIrkent through the coil 36 is proportional

solely to the flifference in ac} ugl

16 and denand}jvél gep NG\ 1986 t hel head 28. Following the transition to fine
control, occurffing a selectedjt}ne after4entry of the head 28 into the
control regionjabout—the destinajion track, the switch 68 is closed and -
the D)A value ijn.the latch 72 isliset to a zero demand velocity or,

pr ef er abl teads 6 3 RefhdtioArdcR 2 AL lowéH! dia throughput, |0 order Lo correlate
demand velocities 1n physical units wth demand velocities in D/ A val ues,

D/ A val ues are selected for the maxi mum speed to be demanded of the head

EP-0272076 discloses a ma_gnetic_ disc drive system which includes units which
immediately upon receipt of a power supply and before receipt of a seek command,
.measure one or more position 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 correction values and outputting the calculated offset correction -
values to the speed control unit and the position control 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 seeking the magnetic h:ad ata
predeterm'iﬁed 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 mechanism in accordance with
incoming velocity difference data, by a current which comes from a power selected by
the switch, a velocity 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 section, a current position detector, for detecting a
current position of the head to produce current position data, a current velocity detector
for generating 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



across the di s REPLRATMENT, 8kETons. For exanple, if the latch 72 is a nine
bit latch and thq' servo ground ijs at a level 256, the D/A values for the
" maxi mum speed i qhtUQeHg‘qoggs ag fifty six for maxi num speed of the head
in the second diriection and 458 flor nmaxi num speed in the first direction.
The m CI‘OpI‘OCESSO‘f"""r"S"p'I’"UgT' dito transiit each of these D/A values to
the latch 72 asf part of the start]j up routine for the circuit 10, and to
nmeasure the actual velocity that each D/A value will produce by counting
track crossi.n

461 or - DOSOR Ao At FTGAYETE ARG IR GFfEenaBdelatfor The ol aeiost
dj usted i t hi_gh. s.peed til.the. | oci t det I ned
For e SenacRdaertioeTn do@t BT U AR ERRAIGH ot weiitchim “vel oaity, in

either direction, that the head is to achieve in a seek novenent. The
signal transmtted fromthe mcro-processor 48 to the AGC circuit 42
during theseyfy -1 | 4 8's6édd age
ACC si gnal f([)jr§ t e381 gl??igs&lcfs@%%%tr%%k:lerglﬁ%xg?&efr{l]&ggc rtﬂarﬁge W&tﬁhécgﬁrg@yﬂ
t eachi ngghi@ing e rdgnRlic Akdds TR SKRLRITR) Fonibfe fFBElEcylinder to another. Head

velocity is measured by measuring the servo head transit time between adjacent tracks of
the servo disk. A microprocessor controller in conj unction 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 presént 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 hﬁrd 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
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 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 accordance 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



by out putting [HE’PL\A@EMFNTt@iEWe latch 72 and D/ A converter 74 in accordance

‘wWth the sto OC++y— nd profile that has been illustrated in
"Figure 2, whi e t e smntch 68 s held open by the m croprocessor 48.
Bef ore proceefli 6be! upeful to explain the characteristics of the
stored veloc t, denand profl el established in this manner. Initially-the

profile is sypnmetrical wth rebpect to both direction of novenent of the
head 28 and DlA-vakuss—aeasusedl -

17 fromthe servo ground |level, as indicated by the horizontal axis 104.
Thus, dur iaAd eEBeting #bsels in gald epResi§rdizestien in agcordance wWitha gerapensated

mcro rocessor 48 calls_for
P ve ocﬁy demangl profile denve rT‘;’arom the stored velocxty demand profile by subtracting

the velocity increment for that zone from the same selected portions of the stored

velocity demand profile.

Thus, the present invention provide$ a method for adjusting the velocity demand
proﬁle adaptively so that the differentiated position error signals to which demand
veloc1ty 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 comi)ared 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 éoncentric 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. In 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. differentiating 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
that the average velocity for such sweeps equals the maximum speed called for by the
micro-processor. Thereafter, the servo head is moved to each zone in tlim 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



vel ocities tREFM\Cﬁ*‘\éEg' réHF%T ffects which mght vary appropriate AGC

| evel s acrosp e di sk, an i thout regard to forces on the actuator 32 in
“addition to th 1§gyc n the coil 36 produced by passing

t her et hroughja current from}h anplifier 88. Since the actual

velocity of th rmned from si gnal s that are passed through

the AGC circyit 42, an inappropriate AGC | evel, obtained as described -
above, can cause The head 28 to enter the contr ol regi on about the .

o anebSnedsRiEE STRERRETG B b0 Fetnd i Ga¥irig = BRetEA HBmC R,
W th 1 ne 3 The AEC eoReonCHEIRG! KRedYPIheoRel Q%"é*?ﬁé‘if%’é&*ﬁ%?‘?ﬁ““r
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fol |l owi ng node been effected by closing the switch 68. In the second

case, Unfhethe $6A® forobhich ¢he divddiomdis Het@ﬁﬁﬁéd so that the  controller 64 and
differentiator 70 nmust pull the head to the destination track after the

For adjusting the velocity demand profile, in accordance with the present
invention, 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 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 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 track 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 tracks.

Advantageously, the invention as described compensates for bias forces on the



transition has )W@WENRSQ?EFEE case, reading of data fromor witing of
data to a track not shown), a ned with the destination track on a
“separate disk sUr{agge HOW99E d.Iayed until settling of the head 28 on

t he destinationjtfack has occurfe Simlarly, forces on the
actuator 32 canjcawse-the—actud eI ocity &f the head 28 to fail tdo follow
t he demand vel o¢ity because of inappropriate correction signals fromthe
sumi ng anpl i fi 66 t0 the power anplifier 88. That is, the nodel used to
derive the velocity denand profile is ina Ilcable ere these forces are
not takenaftHter gbesihard disk d“é{e aed G]eFtrof"ﬁé’f&E!S&‘i"t“ﬂ SBEK MQXERENS) (o Hacks qine
time of ea gg/ tQ‘FO the fine control region about the destination track may
be too | aft§Es 8 egBEnal | for the head to be optimally brought into -
alignment with the destination track followng the transition to the track °
following node of operation of the circuit 10. Again, the result is

excessive oveg)sRaothdhvEtifi as described advantageously compensates for 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 rotating disk data storage

device, in which the method of the present invention may be used;

- Figure 2 is a graph of a velocuy 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 ot Figure 1;

Figure 4 is a graph of a compensated velocity demand profile for a zone near the

outside edge of the disk; and

Figure 5 is a graph of a compensated velocity demand profile for a zone near the

spindle whereon the disk is mounted.

The Servo System
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destinati on trach, RERIAGSEENDYSHEERefd for the head 28 to be brought
"substantially intjopadirat—atTgnngn{ with the destination track prior to
witing data ther eJn 621{'6@%29 data therefrom - A second feature of
the velocity demgnd préfitYe 7§ the

near the destinatji dn-track—{&er-Icliarity of illustration, the velocity
demand profile 91 has not been drgwn to scale. Thus, for exanple, the
velocity of the heae—28—at—the dirscontinuities 106 and 108 is typically
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head distances fromthe destindtion track to ensure that the sighals from

t he servo circuit 10 comprises a plurality of 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 knbwn 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 conventional 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. Subsequenfly, the information is read by

detecting the magnetic reversals occurring along a selected track.

For purposes of iltustration, the surface 18 of the disk 12 is assumed to be a
dedicated servo surface containing only servo i.nformation 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 thbse 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 information is interspersed with data that is stored on tracks of the

disks.

In keeping with the assumption that the surface 18 is a dedicated servo surface,

information on the surface 18 of the disk 12 will take the form of a servo pattern

presenge of discontinuities 106 and 108. -



anplifier 66
its maxi mnum
velocities b
fine adjust

P&\(g{pp@gﬁ'ci ent magnitude to cause the head to reach
“trapi dl-y. (;:} t he ot her hand, resolution of denmand

mes nore inporitant near the destination track to permt

0f2 oy poged df the head 28 as it nears the track.

Bot h of thes onsi deration.j re met by changing the gain of the anplifier
66, wth rdsp ~ d vel oci tyd eceived fromthe.-m cro-processor
48, as the head 28 approacheq the destination track. High gain, in initial
portions of the seek novenent, is effected by closing the switch 78 during
such initial portions, to place the resistors 76 and 80 in parallel. Since
the gai reoafprisihg magnEtivg @GBS tHat efe. pdsitioned dbthsiagiatly and chreumdidentiallyits t he
rati o of the feedback resistance, i.e. the resistance of ‘the resistor 84,
to the caews genarationtiitieughvorhead?Softigsly represestingbotb doe mdial ahd t he
non-inverting input of the operational anplifier 82. the parallel

connect icincumferentéal decationpoSthetheadh widorespest tatbe drackeas ggidiskok2 ratatesandl i fi er

66 with respect to the demand velocity. _Corres_gpndi ngly, . openi ng{ -
' 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 demodulator
46 which generates position error and track crossing signals used to position the head 28
as will be discussed below. In the present exémple, it is contemplated that the .AGC
circuit 42 is of a type wherein the gain of the amplifier 44 is varied by continuously
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, the dibits written to the disk surface 18 include
radially overlapping elements that form spokes 50 extending acrdss all the tracks on the

disk surface so that, in principle, pulses having the same amplitude for all tracks on the



the switch 78 whe LSl near the destination track reduces the
gain of the anpl gEPIEACENEN FE:re pect to the demand vel ocity. Such gain
“transition for tih ng anplifier can conveniently be
selected to occur atoérﬁﬁ-,,,ququl.e,_ six tracks to go in the execution of a
seek nmovement. ‘ € axes 96 iand 98 indicate the demand velocity in
physical units fpriporti-ens—of "t he vel oclilty demand profile that are

i npl ement ed at hjgh summing anplifier gain and the axes 97 and 99 indicate

the demand vel ocil%-y——:rn’p‘ﬁ'yﬁl'"c’él units for a central portion 93 of the
vel oci ty g&BMtbeEdpktdr&d i \RE hbati 28TRARTRAL Gdpbie pAVSeSHITEL B FEIRI28TnG! 921 N.

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 microprocessor 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. 4,811,135, the servo pattern
shown therein, and illustrated in part oh the surface 18, defines a fine control region
about each track on the surfabe 18 extending from the mid point between such track and
each of the tracks adjacent thereto. In th_is regioh, for each tréck, the demodulator 46
responds to signals received from thé variable amplifier 44 by providing on a conducting
path 58 a position error signal that has an amplitude proportionai to the offset of the
centre of the head 28 from the centre of the track associated with 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 10 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.



Adaptive AGC Gai
~present exanpleli
"to ensure that t

As noted above, one objective of the
of the servo circuit 10 adaptively
during seek operations wll| cause
the actual vel ocf foll ow the demand velocity for
portions of a sg . destination track. To this end, the
tracks on the sulface T8 of the dj sk 12 Bre each assigned to one of a
plurality of contentric zones-thati have been indicated as 110, 112 114,

116 and 118 in Figure 3. (For clarity of illustration, only five zones
h b | I
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descri bedrack 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, 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 td a differentiator 70,
which continually 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



£l NOERENTL BHeElpriogr ammed i nto.the micro-processor 48, the
+ﬁ+VETV"Y each zone and, while the head is in each

eps ar, del i'h both directions across the disk for a

dfzﬁﬁﬁfgﬁgh ffomthe velocity demand profile, that has

A€ 120 in Figure 2, for a sweep in the

first direction y the dashed ljine 1235for a sweep in the

20 second direqtion. . -Steh~sweeps are effected by entering the.D/ A val ue

corresponding to the selected profile velocity in the latch 72 after

di sabling summ ng of the output of the controller 64 in the signal sent to

the power smming araplifiér 46y wiperaspert td ehesvdldaily dehand signal, can be varied by

-zone, | ow speed
sel ect ed denmand
been indicated b

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
rc_esistor 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
sumrhing 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 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 s.grvo circuit 10. To this end, the micro-
processor is programmed to output, during start up, a succession of digitaliy 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 hereinafter as D/A \;alues, to
electrical signals having voltages, with respect to the system ground, proportional 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 anipliﬁer 66 to the seﬁ/o ground, represent a zero demand

velocity for the head 28 across the surface 18. Higher numbers in the latch 72 will
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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 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
analoéue signal by the D/A converter 74 and for transmission 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 é D/A
value smallef 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 fo 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 pui'poses of illustration, it will be assumed 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 decreasing the D/A value results in movement of the



Thereafter, each.id Ly nt to atrack in a selected zone is

made, the AGC si QERLAGHMSHITI %Yo lthe AGC circuit 42 is adjusted to the sum
"of the average of gtre—AGC Teferledce signal and the correction signal that
has been so detern! nﬁg,h v 1996 noted, the sweeps utilised to determ ne
the AGC correctip 5 s are Jprieferably nmade at | ow speed as has been

st ated above. Tha ectking a low speed for these sweeps is to
ensure that the RGC conpensatlon ip effect®d for actual head velocities
near the term nat+en—of—a SEEK novenent. As will be clear to those skilled
in the art, m s-mtches between the actual head velocity and demand

vel ocities 21

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 Figufe 2. Similarly, axes 98 and 99 have been

included for the second 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 destinatior_l track,
‘can be obtained for purposes of the presént invention in any conventional manner so that
only a qualitative discussion of the manner in which the profile is obl;ajnéd 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. In a final portion of the seek ﬁ\Qvement, 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 ispeed 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 comparison 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 duﬁng seek operations

so that the current through the coil 36 is proportional solely to the difference in actual
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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 microprocessor-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 cohsecutive 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
transrﬁitted from the micro-processor 48 to the AGC circuit 42 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 microprocessor 48.

Before proceeding, it will be useful to explain the 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



to a selected tracky—t le to use it in conjunction with a

vel ocity demand - prﬂﬁmﬂéFME@ﬁﬁgﬁggafon which is arranged to adjust at' | east
“central portions}ofTHe veIOC|ty demand profile in a manner that wll
conpensate for f r¢esy o aggr wt nflage and flex forces, that are exerted
on the actuator 32jin’ a I on t the Lorentz force provided by passing a
current through tihé—coid Thus, i1 is specifically contenpl at-ed
that the adaptivgq AGC galn conpensqtion descri bed above nmay be used in
conbi nati on w t h '‘a—comtthuously adaptive velocity feed forward
conpensation of the present invention. Al ternativel the present

i nventi on fremttherpérao gsound levélt gs thdinated yr b ihodzonsalgxan £04. |'éﬂl8adumg seelif t he
start up routines of the data storage device including the servo circuit
10 i n accoPEY¥&RRNtHIN Frcardaaemith tbewpnier a6 e JeicTopRigcessor 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 mode 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 df data from or writing of data to a track
(not shown), aligned with the destination track on a separate disk surface, must be

délayed 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 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 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
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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 ﬁerforming 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.

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 g‘éin of the su.m.mirig amplifier, for each signal to be ad&ed,
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



for making | ow spepghianerps; @gc-fefi ned above, in both directions in the
zone. Such sweeps en--effectied by entering the D/ A val ue

“corresponding tofthe selected pr fiil'e velocity in the latch 72 after :
di sabl i ng sunm np bf Q%@Qyuﬂ%t jof: the controller 64 in the signal sent to

the power anplif]ef_88 by opening fthe swit 68. During such sweeps, the
actual velocity pf the head 28 acrjoss the disk surface 18 is neasured in
t he same manner L ribed above for AGC conpensation and the

m cro-conmputer 48 is programmed to conpare the actual velocities so
measur ed dimplifiertche conenislylte seltetedas obélr a¢efor@xkmple)fsixt da@ckswge in thet he
first direction is lower than the actual velocity in the second direction,
as wi || ofdxecutioncofia §eek novea®nnear the edge of the disk, an increment is
added to the velocity taken fromthe velocity demand profile for a second
sweep in the first direction, by increnenting the DJA value for the
profile velocity, and the sane increnent is simlarly subtracted fromthe
vel oci ty t akenTheraxes Ohand S8dndicyte degrdernandoyadodityeinf physigaksenitsriar portiops ofi t he

second direction. The sweeps are then repeated, with . .
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 portioh 93 of

the velocity demand profile that is implementéd at low summing amplifier gain.

Adaptive AGC Gain Compensation

As ﬂoted above, one objective of the present example 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 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 claﬁty of illustration, only
five zones have been shown in Figure 3). An AGC level, that will ensure that actual and
demand velocities having 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-procéssor 48, the head
28 is moved consecutively 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 dashed line 120 in

Figure 2, for a sweep in the first direction and by the dashed line 122 for a sweep in the



résented by the new D) A val ues, and the
re again conpared. Increnenting of the

) 2sNOY 994 tthe first direction while decrenenting the

demand vel ocity ffor] a sweep in the{ second direction is further repeated

until the actual jve ubst anti al20/ the sane

23 for the swedps_in the two diréctions, i.e. until the actual velocities

are equal within the resolution of the actual velocity neasurenents. The

demand vel ocity j.ncrenents, that had _this result, fo ach zone, ar.e then
i nstal | ed iS?F"t"ﬁéJ"F?ﬁ\NP“a's gb‘_&'i‘ AVERPSiFE Eff?‘HE‘f By Eptsring ﬁ{‘%bégs‘@r“ez@wm&% ©on
the manner tltxehs‘?e ecrt]éiclS pl%eﬁ?é] v'elggx'tyc%t t?\g 1atch % UrerF aisz%blzlinr,]gdsuérlnming of the output of the

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

t he new demand ve
actual velocitigs
demand vel ocity fior

During each of these sweeps, the counter 60 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—processor 48 is programmed to comparé 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 signal supplied 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 AGO signal supplied to the AGC circuit 42 is decx_'emented.- :

Such adjustments of the AGC signal are continued until the average of the actual
velocities is substantially equal to the selected demand velocity. The increment or
decrement that has this result is then saved ina RAM (not shown) 'thﬁt 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 ci-rcuit 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 compensation is effected for actual
head velocities hear the termination of a seek movement. As will be clear to those

skilled in the art, mis-maiches between the actual head velocity and demand velocities
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In Figure 2, for [r_t rﬁ’&%&%fé“ﬁﬁ S hithe actual velocity is initially higher
in the second difreftion, the indrgment that will cause the | ow speed '
- sweeps to be the papefpNO 19981 ectled zone has been indicated, for both
sweep directions, by arrows %._Zi,aﬁd 126. As shown in.-Figure 4, the central
portions 93 of th ' emand profile,,corresponding to the portion
at which seek novénents are_e at a |ow gain for the demand velocity
conmponent of sign Supplied to the summ ng anplifier 66, is shifted
towards higher D/ A values by an anmobunt equal to the stored increnent to

provi de a cgrarefom! e proffikaeilthave eEbsteabd @ffebeort fatveldtstydeim whitth thathest
generally at 128. Thereafter, all seek novenents to a tfrack in each zone

are made i renders ticdeont@l vegdibn hifvit alepinsioh egick @hd wvill \accotaimgiyd causo thid gredest

t hat zone. As in the case of the AGC conpensation, the sweeps used

t o det er m misk dfeover shoatroeninderasheornaithbe alestinavios paeckl, For gpafposeviofahisve and t he
use of | ow speeds for these sweeps has the sane purpose that has been
descri bed alisolesureydheitarm Yowmppedisande 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. 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 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
described above may be used in combination with a continuously adaptive velocity feed

forward compensation of the present invention.

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.
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re too high or too loww Il incur the

%uep-sheeb—0r~‘u der shoot of the destination track by the

head 28. Howeverf, lit is con ltatted that the conpensated vel ocity demand
s gl baeY

vel ocity demand
vel ocities for!

profile may al so dr jal | values of "tracks to go" for a seek
novenent. In thip gase, the incrdenent determ ned for a zone will be added
to the.profile fpr seek nmovenents §n the first direction and subtracted-for
seek novenents lLn.the-seeefgdrrTeECti on between the discontinuities 106 and
108 while an adjusted increment will be added or subtracted, as

appropricate, to the profile for portions . ]
24 As in the case of AGC compensation, 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 béen
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 Figure 4, a 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 fepresented 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



of the profile tofe Irghe
incremelr[])ts are d!r?&%ﬁ.ﬁf M
-increments 124, 1361iby the ratioloff the gain of the anplifier 66 wth
respect to demand jvdl 0Bi2t H8Y¥ BP6t He lhi gher gain to the gain of the
anplifier 66 at thell ower gain seliegted therefor. In such case, the
conpensat ed vel ocifty demand profilejw || Hifer fromthe profile 128 as
shown in dashed ljines. 130 and 132 in Figure 4. In the case i n which
the velocities indicated by lines 120 and 122 in Figure 2 cause, for a
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determ ne equal increnents .indicated by arrows 134 and 136 in Figure 2.

fThes ah i n?@éﬁﬁﬁﬁﬂ&foﬁ uSé Of 81 rAdifhed BRK hEPY&IERHRaled iR FigireaZ kfd 4n the zone
or I C

geirthé discontinuities. Such adjusted
n¢rements 124 and 126 by dividing the

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, corresporiding
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 D/A values by an amount equal to the stored increment to providé 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 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 secrnd direction between the discontinuities 106 and 108 while an

adjusted increment will be added or subtracted, as appropriate, to the profile for portions -



the increnent § 1RePIACEMENS SEET dbt er mined are thereafter made in accordance
wth a conpengatee—profile 13 s»hown in Figure 5. As shown therein, the

-conpensated v4l ?B?gbp flile is found by shifting D/A val ues for
the central poritilo 6?3“@ i nfofile to | ower values indicated at 137 by

t he amount of the 136 so determned. As in the case

descri bed above corrpensatlon can al so be #4fected for all "tracks to go"
val ues that m ght—eeeur—TTN a seek novenent, such conpensation bei ng
carried out in the manner that has been described above. In the
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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 velociﬁes indicated by lines 120 and 122 in Figure 2
cause, for a selected zone, the actual velocity for outwardly directed sweeps fo exceed
the actual velocity for ianardly 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 Figure 5. As shown therein, the compensated
velocity demand profile is found by shifting D/A values for the central portion 93 of the
profile to lower values indicated at 137 by tﬁe amount of the increment 134, 136 so
determined. As in the case described above, compensation can also be effected for aill
"tracks to go" values that might occur in a seek movement, such compensation being

carried out in the manner that has been described above.

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
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oppositely di reﬁ't""@l; ;sx\i\ﬁﬁﬁg durﬂlg the AGC conpensation will be equal, and
equal to the a er ~of—STUCH vel dcities, so that only one sweep w II be
“required for eadhlcorre oi tthe AGC ref erence signal .

Lo aqn \correghiogobo | ihe 10
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oppositely 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.



CLAIMS 1. - A I ng seeks by a netic head (28) to a
sel ected track (29 REBLA 10 atl ng di skunlm“ “mmﬂ!ﬂn ve having a
‘servo systemt hat ects the sedk accor arison of the
actual head vel ocy t} eﬁ 2/\1503 wogurid veI ocities of a veloci ty denmand
profile, wherein a i sk driivie has a,gtored velocity demand" profite,
characteri sed by e of : aSsigning each track on the disk
to one of a plurflity of concentric zones (110 to 118) on the disk; for
each zone on the &Sk, determning a velocity increment that will cause
the head t QLIAMIMS t he sane actual velocity for both directions of novenent
of the head across the disk once that increnent is added to a denmand
velocity selected fromthe stored velocity demand profile for novenent of
the head in one direction across the disk and subtracted fromthe same

sel ect ed démandA methed if@wontunlsm\ﬁ@My afmagnetihhead 28) tohe selegied traek (19 to

direction across the disk; storing the velocity increnents; and thereafter
ef fecting &P I°'b%é‘kt§t"i'§1d'§5|°§ adiaed disk deive having agseryQusystam, that effects the seeks in

accordance with a comparison of the actual head velocities with demand velocities of a

velocity demand profile, wherein the hard disk drive has a stored velocity demand
ﬁroﬁle, 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 velocity increment that will cause the head to have the same actual velocity
for both directions of movement of the head across tﬁe 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 6ne direction to a track in a
selected zone in accordance 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.

2. A method according to claim 1 characterised in that the demand velocity
- comprises a digital value, in that the incremental adjusting step comprises adjusting the
digital value for the selected demand velocity, and in that the velocity increment

comprises a digital value.



sel ected zone in accordance with a conpensated velocity demand profile
derived from E

| demand profi vel ocity
i ncrement for §hAREPIZDEMEND ShtdTe ted port | ons, ll muﬂ ﬂ”,m, ocity demand
profile and eff ec*t"r"rrg"a1'1" aid opposi*tecdi Fecn | an 1N accordance

Wi th -a conpensat e d rofile derived fromthe st d
vel ocity demand roqﬁ 'gﬁ%xﬁg%b r p ore

|: cting the velocity increnent for that
zone fromthe dane_s titons of fRe stored velocity demand profile.
2. A nmet hod jaccording to claign 1l characterised in that the demand

vel ocity conprises—a-drgrtat ue, in that the increnental adjusting step
.conprises adjusting the digital value for the selected demand velocity,
and in that the velocity increnent conprises a digital val ue.

3. A method according to claim 1 or claim 2 characterised in that the velocity
increment is added or subtracted duﬁng a seek movement from a pre-selected distance
corresponding to a particular demand velocity, from the selected track, the selected
demand velocity employed in fhe determining step being less than the particular demand

velocity.

4, A method according to any one of claims 1 to 3 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.

5. A method according to any preceding claim characterised in that the selected
demand velocity employed in the determining step is less than 25.4 cms per second (10

inches per second).

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.



- 3. A met hod according to clai ml or clal m2 characterised in that the
vel ocity i tr subtracted during a seek novenent froma

- pre-sel ected cREPtLAﬁEMENE@HE%Ts nding to a particular denmand velocity, from
the sel ectedjt ack The Selected demand vel ocity enployed in the
determ ning §tep d)flm WS L han t he partzlscul ar demand .veI ocity.

ABSTRACT

Method of anfrolling 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, deterrﬁining 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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