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FLY HEg QalT SERVO CONTROL OF READ/ \RI TE HEAD SUSPENSI ON CRCSS REFERENCE TO
RELATED ‘APRY | CATI ONS U.S. Pat ent Application Serial No. .07/885,578, f{f p(s
May 19,1992, ‘of.«Egbert et al, conmonly assigned with this applicatio
descri bes ‘a nethod and a neans for using a digital signal processor w a

digital harnmonic ratio fly height d 0 nthe di sk drive,
for the purpose of performing fly hgi‘gﬁ%ﬂ[’c&fgkﬁﬁa ﬁ@fvﬁ% di v cunferenti al
measurenents al ong a recordi ng trQfIREADAYRITIHHHEAD SYSPENSEIQN at t he di sk
drive allows the systemto maintain a history of head/disk clearance. This
hi story may be used to predict disk file life tinme, or give early warning
of the potential for head crashes on the disk sur- face. The teachi ngs of
this application are incorporated herein by reference. BACKGROUND OF THE

| NVENTI ON Field of the Invention: This invention relates to rigid or. hard
di sk drives that store |nforﬁBﬂ%ﬂEWRﬁﬁFBT(bBEﬂaﬁT&ﬂﬁﬁP%ﬂ N:Sdl sks.

More particularly, thiss invention rel ates

U.S. Patent Application Serial No. 07/885,578, filed May 19, 1992, of
Egbert et al, commohly assigned with this application, describes a method and
a means for using a digital signal processor with a digital harmonic ratio fly
height 'detector, both lbc_ated in the disk drive, for the purpose of performing
fly height tests including circumferential measurements along a recording
track.- Testing of fly héight at the disk drive allows the system to maintain a
history of head/disk clearance. This history may be used to predict disk file life
tifne, or give early warnihg of the potential for head crashes on the disk sur-
face. The teachings of this application are incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention:

This invention relates to rigid or hard disk drives that store information,
or data, on rotating magnetic disks. More particularly, this invention relates
to control of the flying height of a read/write magnetic head as a rotating
magnetic disk spins under the head. '

Description of Prior Art:

A significant limitation on data density in hard disk drives is the “spacing
loss” which is the reduction in signal quality due to distance (fly height) be-
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to cont;{no& o} the flying height of a read/wite magnetic rotating
magnetic di sk spi ns under the head. Description of Prior s
limtation on data density in hard disk drives is the "spaci ng?ﬂfmgsg:p
is the reduction in signal quality due to disRance (fly helg e

074 tween-the read-wite hea netic recor ur f.ace
di sk. The shorter the fi%FEhtReSFR /‘i‘gtehﬁfg W@ﬁ&'&ag'ﬂ%‘éf&?& %‘ﬁce gﬂé\’ ddg‘nsﬂll
is. US Patent 4,777, SsMrtmthBﬂM\mgbttls,ahq Highenthapgicramsogaachswy tsh t hi s

appl i cati.on, descr i bes a nethod and a neans for neasurenent of head/di sk

spacing by use of a harnonic ratio fly height circuit. The '544 patent is
directed essentially to nba®fatanedi76b4befdbraye ef ply corameHy assigaerywith this eppli-
and use of that infor nmedatiem déwhwsga inb@odand b atchby or mﬁ:ashmfsdfm@ad/&bleg@cmg-

no provision for neasurj ngse of a a%?,{lg rr‘&tioa}ly Hea}éﬁt%grlclﬁp STh 4¥>atent 19 Qhrected es-

sentially to measurement of average fly height along a track, and use of that

information during the manufacture of the drive. There is no provision for
measuring circumferential variations in fly height around a recording track.

Closed loop control of fly height in a single-disk drive having a rigid sup-
port for the‘read/wriie head is shown in Japan Patent 02-263306, and U.S.
Patent 4,146,911, In U.S. Patent 4,146,911, the head arm is moved relative to
the surface of the disk to change the fly height. In Japan 02-263306, a
piczoelectric block between the arm and the read/write head is excited'to
change the fly height. Neither patent shows a comfentional' multiple-disk arm
assembly coﬁsisting of a rigid comb with suspension arm attached to the end
of each comb blade, and a floating head-suspension attached to the end of each
suspension arm. The fly height control structures in theée two patents are not
practical for hard disk drives with flexible suspension systems such that the
head fly height depends on the flying characteristic of the head as well as the

suspension system.

SUMMARY OF THE INVENTION

It is the object of this invention to provide fly height control of an aero-
dynamic head in a disk drive by providing real-time dynamic adjustment of the
read/write head suspension system.

In accordance with this inve‘ntioh, this object is accomplished by sensing
the fly height in real time with a harmonic ratio fly height detector, testing the
fly height against a reference fly height, and adjusting the suspension system
of 'the head in accordance with the departure.of the fly height of that head
from the tefere’née fly height. The adjustment of the suspension system is ac-
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arounds as¥ egordi ng track. C osed |oop control of fly hei
singl e-di sk drive having a rigid support for the read/ w@ﬁa%&@? BRI
i n Japan.Patent 02-263306, and U.S. Patent 43146, 911. L CER

4,146,911, the head armis noved relative to the surface of the disk to
change the fly hei ght .compligtadchy niacim6g goesdueer gh dboBexiide suspenision @km 5é thoessd
the armand the read/ wdagn {b%ﬂidot*tﬁ? Fa)rérl%:l tﬁﬁqla%tﬁ)atiﬁs"%ﬁﬂ)@ ﬁr@f@rai)ir%ltl{}%ﬁ%uccr is a

Nei t her patent shows a conventl ona | p di sk arm_asse consi sting

of a rigid conb with sRigpelR¥rieflmPperdsd taBKEUPERSIaNHEme Whe 2 WARC BBl Bde,
and a floating head- sugp&ing) @ filh benaband thercbl GerRid thcusRAGEn SivS RMASI HA dBKkM
The fly height contro

I : ' t .t t t ti I
for hard di ok drives iUTHET| GUF BESdBLreing orsh SR P4 1uh PRAEOPAEHE £
fly height depends on thheedd/wiitadeahalbespring Serce poshest dgainsethd aadywdrbic 3 dfhe
suspensi on system SUM}{PBXadG;nJ 3 dg%’ﬁ%?k@rﬁﬁ&%?ﬂmgrfk&. s,_atﬁpﬂgtheiglfnt gehe

sclo I sk d [wite head, that

i nvention there is di sed 1n a rove having a rea |

aerodynami cal |y flies %pd¢d i Rrrecked dWAPRYING S Yo!tags Pfhe piezaslectals film tbgadedrtoar m
for nmoving a read/ wi t@eb@pension@imnl ecording track to recording track on a
recordi ng di sk surface, apparatus for dynamcally controlling the fly

hei ght of each head

Correcting the fly height to the reference fly height is done for both radial
and circumferential fly height error as the head is moved radially and circum-
ferentially relative to the disk surface. Radial correction of fly height is based
on a profile of the average fly height for each head during one or more disk
revolutions at each cylinder or radial position. During a calibrate mode of
operation for the disk drive, the average fly height for each l;ead;at selectea
cylinder poéitions is read and used to generate an approximation of the radial
fly height profile for that head as a funct_ion of cylinder position. i’l‘his radial

. fly height profile is stored in a profile storage control. Thereafter, during track
seek, the average fly height for each head at the new cylinder position is re-
trieved from profile storage. The difference between the average fly height and
the reference fly height for optimum read/write operation is taken, and pro-

vides the radial fly height error correction.

The circumferential fly height error correction is accomplished dynamically
in the servo loop by feeding back the fly height error as the disk rotates. The
actual fly height, as each head flies along a track, is measured and compared
to the reference fly height that is optimum for read/write, or track follow op-
erations. The difference between actual and optimum fly height is the
circumferential error correction. The radial correction is added to the

. circurnferential fly height error correction to produce the total, or combined,

fly height error correction.
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above,the disk surface while the head is flying along a d ng
a si gnal r&corded at the data track, said apparatus c nm‘ssst(f_T Wh&ﬁggﬂon
means connected between the armand the head for flexibply sgepenCilhg th

head above the disk surface and pushlng on $he head w th—a—sprimg Torce

agai nst- the aerodynami C’l‘ﬂult rfc}‘c{cn% ﬁ? gel ttnt'a &%?%&oglc%ggg %)he%g'thrce%s

recorded signal in the d fac
detecting from the -r dight fagrradd/writeuerr temk follgw.h dibg trefersicet ﬂuehhﬁuds db@med he

di sk surface at the RpRg bHBEred8\ry ercraeunaéu Wharss (Bl e Q&a@woﬁ m&aﬁl& rﬁgaé he
recorded signal; mnean for co current fly he head to

t
a reference fly hei giftos&ra thed %&rfﬁgb EEFI‘VPW(%?SQ‘H‘E Sighgl- &'“@?cgrﬁa? °f H’éhdééﬁ i ve
of the difference betigaginreddiey dieheanlt fly height and the reference fly
hei ght; and neans responsive to the fly height error signal for controlling
the spring force provided by said flexible suspension neans to adjust the
fly height of the head The tefeeence fly height may be increased so that the servo operation flies

the head farther from the disk surface. The fly height is increased during track

seek, disk drive sleep or idle modes of operation. As the head moves away
from the disk surface, the real time fly height measurement may not be avail-
able if the head/disk separation becomes too great. Accordingly, as an alter-
native in séek, sleep or idle mode, the servo is operated open-loop by
substituting a seek, or sleep, mode profile correction value for the

circumferential and radial fly height error correction values.

The-great advantage of the invention is its ability to accomplish the above
functions by real time control of the suspension arm. Further, by adjusting the
flexible suspension for the head, the system responds quickly without changing
the flying characteristics of the head attached at the end of the suspension.
Also, the head/disk wear in the disk drive is substantially reduced by raising
the head fly height during track seek, sleep and idle modes.

Other objects, advantages and features of the invention will be understood
by those of ordinary skill in the art after referring to the complete written de-
scription of the preferred embodiments in conjunction with the following

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 shows the preferred embodiment of the fly height servo loop

driving a transducer on the read/write head suspension.
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reference fly height at the same time and |ocation where the head is
readﬂng t He recorded signal and flying along the track., According to

anot her aspect of the invention there is disclosed fly-height servo- |oop
ﬁppgratushinha di sk drive for controlling $the fly height of a read/wite
ead as the head flies aerodynan1ca|| abqve a a track on the surface. of

a recording disk, saidf GZYREiZshews ﬂ‘&\?ﬁ%"%‘mp’fyé'reﬁ‘la‘to’f chf’adééﬁfed}céd%& thgi ¢
head noved between dBtmight Geksduddy bandeddd trtsospeasion. sai d appar at us

conpri sing: suspension neans connected between said head and sai d actuat or

armfor flexibly.suspending the head above the surface of the disk, said

suspensi on neans provi BIGIGRE Xisra grgplf of typicahependeaps heagafly beightimsofdles asdynami ¢

lift force of the haadasof g BSRtylildes fradhpdindolie rack; said head for or
reading a sector signal recorded in at least a portion of each sector of

the data track; means responsive to the sector signal read by said head for
measuring the actual. frwmtmga@faphtw ah&astivetopamamdlyticighaahking bracksetihe
data track where said der ca%m; ading the sector signal as the head flies
along the track on the“Ursk su?ﬁace;

FIGURE 5§ is a schematic block diagram of the HRF circuit of FIGURE

FIGURE 6 is a schematic block diagram of one embodxment for the profile
storage control of FIGURE 1.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The preferred embodiment of the invention for the fly height servo loop is
shown in the schematic block diagram in FIGURE 1. ‘Magnetic heads 10 are
mounted on flexible suspension arms 12 which are, in turn, mounted on the
rigid arms 14 attached to the actuator 16. Suspension arms 12 may be f{lexed
by control signals from drivers 18 in fly height control loop 20. Arms 14 and
actuator 16 are moved by driver and voice coil motor 22 to move the heads
radially to follow recorded tracks on the recording disks 11. The track fol-
lowing servo loop is not part of the present invention, and only the track follow
signal from such a servo loop is shown in FIGURE 1.

Information and servo signals read by the heads 10 are amplified, and
_connected to the disk drive data channel by arm electronics 26. Since there is
only one data channel and multiple heads, the arm electronics, in response to
read/write head number N, select the active head for connection to the am-
plifying circuits and data channel. The information and servo signals arc
passed over the channel to the read data signal processing circuits (not shown).
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means for calculating the difference between a predeterm ned reference fly
hei gt “8nd the actual fly height to produce a fly hei ght error signal; and
nmeans responsive to said cal culating neans for bending said suspension
nmeans to adjust the spring force of the suspension on the head until the:
fly height error signal is reduced to zer& whereby the head is

controlled to fly at tige t@beEHACRthy b e tar. shgnal is
read and the actual fl 'ﬁﬁ%.hfﬁig,ﬁéasy?gﬁggéﬁﬁ@?£Eﬁ%%;f%?ﬁ%ﬁﬂfﬁm am
DRAW NGS FI GURE 1 shomga“i g‘f%%‘%'é‘?‘lné&wé%tﬂcﬁ“ﬁ%‘ht“ Barmonic Ratip Figihgight daecrar
loop driving a transdu(tRFy28. tHRF26 atbawresttBe R rédd ARRE REAINO is flyiRg above the
surface of disk 11. The HRF circuit 28 is shown in FIGURE 5 and will be

described hereinafter.

The fly height measurements are passed to the summing circuit 30, and the
HRF profile storage controller 32. Summing circuit 30 takes the difference
between the real time fly height measurement from HRF 28 and the reference
ﬂy height, HRF(0). The digitized difference, or error signal “e” from summing
circuit 30, is the circumferential error value used by the fly height servo loop
20 to control the fly height of each head 10 to bring it to the desired fly height
HRF(0).

In operation, the fly height servo loop is correcting for both a radial vari-
ation in fly height (i.e., the variation from track to track), and a circumferential
variation in fly height (ie., the variation along each track). The
circumferential correction is done in real time as a normal feedback operation
through proportional, integral, derivative control 34. The radial correction is -
done by feeding forward a correction from profile storage controller 32 during

track seek operations. .

The HRF profile storage controller 32 in FIGURE 1 functions to provide
to'multiplex switch (MUX) and hold circuit 36 the radial correction value,
REN(M), for each head N at each cylinder position M. Controller 32 also
provides the reference fly height HRF(0) to which servo loop 20 drives the
head. The Mode, M and N, commands are supplied to the controller 32 by the
disk drive adapter or controller (not shown) to which the disk drive is attached.

Controller 32 operates in multiple modes -- calibrate, read/write and track
follow, track seek, error recovery, and sleep or idle. In calibrate mode, a radial
correction value for each each head at each cylinder position is determined.
Calibrate may be performed during manufacture, installation or diagnostic
tcsting_ of the drive. The error profile for each head, as it moves radially across
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FIGUREL% shows the suspension systemfor the read/wite head with the fly
hei gt ‘fr dnsducer bonded to the suspension. FIGURE 3 i;s a graph of typical
open-1oop, head fly height profiles as a function of disk drive cylinder
(radial position). FIGURE 4 is a graph of jalternative optimumfly heights
during track seek and error recovery. FIGURE 5 is a schematic bl ock di agram
of the HRF circuit tbt diskGcweel willghanmevesy plewly oyemiBadifa of the deve ndadhicsim of

one embodi nent for Hhe R Qibla& AbeY FNELESRA itreq@éntlyl Chiidredd/wESCRUEIN, ON OF
THE PREFERRED ENBOBI NTS eferre n for the

The . dj t of the. | i
[Ty horaht servo.1 dBlow Bt Bl 7 Erusinnae) BOBFstl hf St hed 2 |
Magneti c heads 10 areetiomirflyckbightt i eeadpirite ousiaek fllow madasHRE (Q)is ssbtawpe, in

turn, mounted on t i r . 0 . -
arns 12 may be f|egéﬁ&‘&hgﬁﬁfﬁngg?ﬁﬁgﬁgn?@%ﬁ?ﬁ%P&E&%ﬁiﬁiﬁﬁjﬁfi:ggﬁgﬁ?s'On

control |oop 20. Arq{rsthq_aisl&ﬁave. The remaining modes are used to ¢
' erence HRF(0) from optimal read/write fly height. HRF(0) is selectable by

HRF controller 32 based on the Mode command. In track seek, sleep or idle
mode, HRF(0) is increased relative to read/write mode to fly the head farther

from the disk surface. In error recovery mode, HRF(0) is decreased relative
to read write mode to fly the head closer to the disk surface. The details of the
HRF profile storage controller are described hereinafter with reference to
FIGURE 6.

In FIGURE 1, the digitized circumferential error value “¢” from tfle sum-
ming circuit 30 is amplified by proportional, integral, derivative (PID) control
34, PID control in servo loops is well known. The PID control is preferably
implemented as a programmed digital signal processor. FIGURE 1 illustrates
the equivalent anhlog amplification functions performed by such a digital sig-
nal processor. The proportional, integral and derivative amplified values are
summed by summing circuit 34A. Amplifier 34B amplifies the error signal
with a gain K to produce a correction signal directly proportional to the error
signal. Amplifier 34C integrates the error signal, and amplifies the integral of
the error signal with a gain K;. Amplifier 34D takes the derivative of the error
signal and atmplifies the derivative value with a gain Kp. The gain constants
Kp, K; and Kp are set, at time of manufacture of the drive, to optimize the re-

sponse of the servo loop 20.

The PID amplified circumferential error correction value CEx(M) is ap-
plied to mﬁltiplexing switch (MUX) and hold 36. MUX and hold 36 also re-
ceives the radial correction value from the profile storage controller 32. The
radial correction value is stored in hold registers in MUX and hold 36. In re-
sponse to N, the number of the selected head, MUX and hold 36 adds the ra-
dial correction value for the selected head to the circumferential correction
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actuator 16 are noved by driver and voice coil motor 22 to nove the heads
radial 'y to follow recorded tracks on the recording di sks 11. The track
fol- lowing servo |oop is not part.of the present invention, and only the

track foll ow signa

from such -a servo loopgs show:in FI GURE 1.

I nformati on and servo signals read by the heads 10 are anplified, and

- connected to the di skalu¢ fordheiselegted thaadeThe)comhispddlychpight eirersvab@ is Sinyertedt her e

is only one data chagpgl am &}Urtsigﬂéleaﬁheﬁﬂ&hc& Eﬁ?l\/ﬁfﬂh@lt@ﬁfcra(ﬁﬁfo?ﬁate'd'f'lver

response to read/wite head numb N* he activ

connection to the anm?d frithgseiested rF't‘UWf‘éc ha‘ﬁﬂ Jé‘t:é" efted drdver drirrs thefly bright on

and servo signals ar deﬁs'tﬁﬁﬂcby)ﬂdkfngtthes&bﬂﬁi&ﬁ|arthQ2tdﬂﬂld’lﬁzﬁﬂi wladedigaalgralse-

processing circuits
fly height servo is

6 Thgzread signal for the

%ﬂsﬁ o @8“?9 bRl yIpE i elperOn

Each of the servo loops for a given selected head and selected driver has a
amplifier 37 with a associated gain constant Ki.n. These gain constants K n
adjust the strength of the correction signal applied to drivers 38. This adjust-
ment corrects for fixed differences in the servo loops due to variations in the
electronics or mechanics of elements in the servo loops. The constants K,_y are
set at the time of manufacture of the disk drive so that the servo loop for each
head will perform substantially the same as the servo loops for the other heads.

The suspension arm 12, with the floating suspension 13 and read;write
head 10, are shown in FIGURE 2. The fly height of the head is determined
by the flying characteristics of the head; i.e., the lift force produced by the head
aerodynamics, and by the spring force with which the suspension arm pushes
the head toward the disk surface. Piezoelectric film 40 is bonded to arm 12.
The fly height correction voltage is applied to the film from driver 38 through
electrical wires 42. When the correction signal is applied to film 40, the film
bends and thereby bends the suspension arm 12 bonded to the film.

The bending of the suspension arm toward the disk surface increases the
spring force pushing against the aerodynamic lift of the read/write head. The
head flies closer to the disk surface, and thus the fly height is adjusted by the
correction signal applied to film 40. When less voltage is applied to the film,
the suspension arm 12 is bent less, the spring force on the head decreases, and
the head rises or flies higher above the disk surface. If fly height correction
voltage is removed, i.e., reduced to zero, the minimum spring force is applied
to the head, and the head flies at its higheét fly height. This might occur in a

low-power inactive state for the disk drive.

RO 991 074



sanpl ed by digitizing switching circuit in Harnonic Ratio Fly height

det eét 6f FHRF) .28. HRF 28 neasures the height read/witc head 10 is flying
above the surface of disk 11. The HHRF circuit 28 is shown in FIGURE 5 and
wi |l be described hereinafter. The fly hei gﬁt nmeasurenents are passed to

the summing circuit 30, yang 4 piezobleteriP figth iid ﬁle%tré?&?&etrﬁﬂ {elzpkldr%eﬁ&gg AL ng

circuit 30 takes the difference between the real tine g

measur ement from HRF BISISP ErRher dragsiicers may\beisedy Hor expiple)a bivRetaliie girin zed
di fference, or error shagfiades ineéspbmsemo thid romiplifiedofly Ieight erdét,siginal thight be attached
circunferential error V‘ﬁwﬁpﬁ% the fly height servo | oop 20 to control
the fly height of eac?‘n a 8 ring it to the desired fly height
HRE(O). In operation, the fly height servo |loop is correcting for both a

radial vari- ation in flhy ﬁmu&fﬁs(exaﬁ?ms ahpad}émmi bfe,meg W@hué’aﬁlﬂvﬁ@ HeARCK)
and a circunferential variati varlatlon

) el
al ong each track). 2rf¢RROVEY rRpringe? ealibr 1°nd’8ﬂdg’e‘€F| P@r‘!fcf'r‘l‘éf%%cq“ér&uerﬁzne
as a normal feedback @IGURE dnretdives wiyhHRFosigmat fop reath héadtasgh@headsl@rd madedve

control 34. The radi al,g6a) b&6& NGNS 11. The HRF signal for each head at each of six cyl-
inder positions (M, M,,...Ms), for example, is averaged over several complete
revolutions of disk 11. The average HRF per track is the radial HRF value
for that head N at that cylinder position M as plotted in the profiles in FIG-
URE 3. As shown in FIGURE 3, the open-loop HRF profile for each head
is approximately a parabolic curve. A radial profile value could be stored at
each cylinder position M for each head N. However, since the profiles can be
approximated by parabolic curves, each profile can be converted to a quadratic
expression, C,yM? + Con M + Gy, The éonstar;gs C for each profile may
be determined by the least squares error approXximation method. Then the
constants may be stored for each profile rather than an HRF value for each
cylinder M. It will be appreciated by one skilled in the art that if the profile
has a more complex shape, the profile could be approximated by a higher order
expression rather than the second order expression used in the preferred em-

bodiment.

" In FIGURE 6, the HRF profile storage controller 32 has HRF value av-
eraging logic 60. The averaging logic is active in calibrate mode to average the
HRF value for a head N at each of six predetermined cylinder positions, M,
through Ms, in the example shown in FIGURE 3. Positions M, and M, are
at the inner and outer most cylinders, the remaining four cylinder positions are
equally distributed along the radius of the disks. For each head, the HRF
average for the six cylinder positions is loaded into register 62. Least squares
error approximation logic 64 then calculates the constants C,, C; and C; that
may be used in a quadratic expression tb_ approximate the head profile for each
head. In Table 66, calibrate mode seleéts a register location for the constants
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done __b¥'.feedi ng forward a correction fromprofile storage controller 32
during track seek operations. The HRF profile storage contraoller 32 in
FIGURE | functions to provide to nultiplex switch (MJX) *and hold circuit 36
the radial correction value, REN(M, for eac‘:B head N at each cylinder
position M Controller 32 also provides the Teference fly height HRF(0) to

which servo | oop 20 drd Yé&Sadhfeal ddFor CRSmMBASr hadli #0AhdkabeQBRBBSIFom I6kic 64,

supplied to the controller 32 by the disk drive; adapter ar. controller (not
shown) to which the did®g WF%‘“%/ nts G 'ag'-ogﬁ{‘?%}“f)‘&?‘{%‘?“‘ P& 3?‘éls°°f‘fﬁa“(‘s
mul ti pl e nodes -- cal i®uaetlegded dmthblerregigterabéciot albefiehé bdaldow, track seek, error
recovery, and sleep or idle. In calibrate node, a radial correction val ue
for. each each head at each cylinder position is deternined. Calibrate may
be performed during manuPadngitrack seak mede.dhe eansigptsd Hgiablstdare ussd ity oRIPXit he

8r7i4ve. The error profifge iy HR#CHVeldBAfheastfenicht fP¥RS HeddlhBdhk YieReraBIgS.cReY19 91
inder position. As the heads are being moved to the new cylinder position,
digital quadratic approximation lbgic 68 receives the constants C for the each
head and M the cylinder position. Logic 68 calculates the HRF average
HRFy(M) for head N at cylinder M as the heads change radial position across

the disks.

For e;'(amplle, assume the heads are at cylinder position 541 and the HRF
average for head #3 is being determined. Table register 66, in response to a
track seek mode command from the host processor and N=3 from the host
processor, would read out constants, C3, Cy3 and Cs; to logic 68. Logic 68
receives M =541 from the host processor and calculates from the quadratic
expression using the constants from register 66, the HRFy(541) average; i.e., the
HRF average for head #3 at cylinder 541.

The HRFy(M) average for each head at each cylinder position is loaded
into register 70. Summing circuit 72 then subtracts the optimal HRF reference
value HRF(R/W) for read/write from HRFy (M). The difference is the radial
error .or correction value REy(M) for head N at the cylinder position M. The
optimél flight height for read/write operations (or track follow) is stored in ta-
ble register 74. During track seek, table register 74 reads out to H RF(0) reg-
ister 76 the value HRF(SEEK) and to summing circuit 72 the value
HRF(R/W).

In FIGURE 1, MUX and hold 36 receives the REy (M) for each head, and
stores it as the radial error value in hold register for each head. This value is
updated as the heads move through the cylinder positions. During track seek
opcrationé, MUX and hold 36 will add th'e radial error REy(M) to the
circumferential error CEx(M) being received from PID control 34. Since
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7 the disk surface. will change very slowy over the |life of the drive and,
there- tore, the calibrate node will be used infrequently. The read/wite,
or track, follow node is used to acconplish closed | oop radial and _
circunferential cor- rection of fly height. Ilrll read/ wite or track foll ow
node, HRF(O) is set to a predeternmined optimal fly height to naximze the

data.read/wite perfor rmms@? of traélescelt fiodelhbs/ e Pﬁ@E(SE&dWhl'ﬂb (EICORES &5&le& ed
to change the fIy hei ght

er.ence. HRF read/ ite
hoi ghe CERECO) 13 Sl ouemiaten, e kiaepapied S5 Snabmi b B Shers 3 to
command. I n track seek,brmgeaqh lmaditathe trapkl sgek FIRREight which isoveliaxbovk uhehaﬂ;mrae to

read/ wite node to fly fé,l”\% glﬂ?ﬂkﬁ(ﬁlwzleﬁuﬁécgﬁ&ayedugigg ifea%k%xflt@%? tral:lpfoﬁfn( %E)ﬂ'

recovery node, HRF(O cr eased
head cl oser to t he d| sI@“@’Eﬁ#‘é@“eneW“%tP&W%“ FIREF@ehasrtfe yalug HRE(R{H) a’&é’x
control l er are descri beddhelieisngfltagd thw fabial @tderte migerebitidd fdkdimfdrentiaNedrdr@JRE

1, the digitized circugferanlltof FiDy coftlol'Ss.” Srhe' QMg bl fly height error
signal will be used by drivers 38 to bring each head to the optimal fly height
HRF(R/W), as shown in FIGURE 3.

The value of HRF(0), the reference fly height, at summing circuit 30 may
be changed by HRF cdntroller 32 to accomplish additional tasks with the fly
height Servo loop, as described above, for track seek. In FIGURE 4, the value

_of HRF(O) may be increased, to a value 44, during a track seek mode. This
has the effect of lifting the head further away from the disk surface during high
speed radial movement of the head_s.' Conversely, the value of HRF(0) may
be decreased to value 45 during an error recovery operation. This has the ef-
fect of lowering the head closer fo the disk surface so as to improve the
signal-to-noise ratio for the data signal read during reread of recorded data for
error recovery. Also, during sleep or idle mode when the drive is not active,
the value of HRF({0) may be increased to value 43 to lift the heads well clear
of the disk surface to reduce head/disk wear. Sleep or idle modes are similar
in that they are initiated by no disk drive activity over a predefined time in-
terval, but they differ from each other in that in sleep mode, power to the disk
drive is usually reduced while in idle mode, the power to the drive remains on.

The above operations use the closed servo loop 20 to raise and lower the
fly height of the head. In addition, there are open-loop alternatives that may
be used, or are even hecessary, when raising the fly height of the head. As the
fly height increases, the head/disk separation may make the data recad signal
unusable by HRF circuits 28 in FIGURE 1. Therefore, an alternative em-
bodiment for track seek mode and for sleep mode is to use the track seek pro-
file 44 or disk drive sleep proﬁle' 43 (FICURE 4) to control drivers 38
(FIGURE 1). In this embodiment, MUX and hold 36 dcactivétes the switch-
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mng circuit 30 is anplified by proportional, integral, derivative (PID)
contfok "34. PID control in servo loops is well known. The PID control is
preferably inplenented as a programmed digital signal processor. FlGURE |
illustrates the equival ent anal og anplificat?on functions perforned by such

a digital -sig- nal Pr 45 t

anplified values are sung&r%m unﬁéﬁﬁ%@#&?ﬂmﬂ@ %nﬁl erg% ”f"f I es
the error signal wt hdavii&?%a%mﬁ'saqﬁ%tfbesethasee&rqr Sieep Brpf'l#i lgm\redd"rqneptdﬁje
proportional to the esfofige Sbrfobr 32An11{c| detieor Siédp PrBﬁl&Qéh@tvﬁgm FI6 URE 2%would

I d lif th t al
Al i1 er 34D Lakes. + R Qe aEb b GRRh: gha Ed p itk faf o a6 iave
derivative val ue wit hskowgainnFKBJREhé, thai profiles §iftathe hepd awhy droin [the obtimng
set, at time of manuf Rl fe 99 hEiEﬁt dhd ¥facubil IQQH WMeZRabR fefa mwnggfgﬁ the

servo |l oop 20. The PI D n%) Ircu ntial error correction
[err] is ap- plied to" ef’ler ‘ieﬂg‘awﬂipéw “MUX) and hold 36. MUX and hol d
36 also re- ceives the radial correcti on value fromthe profile storage

cont cr';t(r)1|d| ﬁ{)l 52 3 6Th|enr ?d' %n g&%ﬂno%glt l'er pox er gﬁerﬁaﬁiv@ td(L)u[u?gd slz'aer;]) ch?Je wou%J Ibg ttg rs ut
off the servo loop and thus drive to the piezoelectric film 40. This would allow

the natural spring tension of the suspension arm 12 to relax, and the aero-
dynamic lift of the heads would fly the heads at the slcep height shown in
FIGURE 4. This low power mode, or alternative implementation of sleep
mode, is particularly useful in battery-driven computing systems, such as
laptop or notebook computers.

FIGURE 5 shows the harmonic ratio fly height detector 28 of FIGURE
1. (The harmonic ratio fly height detector is also described in the above-
identified Egbert et al patent application.) When read head 10 reads the syn-
chronizing’ field at the beginn_ing of each sector- on the track on disk 11,
sampling switch circuit 27 samples and digitizes the output X(t) of the arm
electronics 26 at a rate (1/T) where T is the sampling' period. The digitized
sampled read signal X(J) where J is the sampling index, is passed to digital
bandpass filters 46 and 48. The saihpling rate, or frequency, should be at least
twice the frequency of the read signal from the synchronizing field. Digital
bandpass filters 46 and 48 filter out the first and third harmonic signal com-
ponents of the sampled read signal, respectively. The outputs of the bandpass
filters 46 and 48 are passed respectively to amplitude detectors 50 and 52. The
amplitude detectors average the outputs of the filters to produce the instanta-
neous amplitude values which are the running averages for amplitudes of the
first and third harmonics, respectively, Yi(J) and Yx(J). The running average
values, Y (j) and Yi(j), arc applied to the logarithmic ratio circuit 54. The log
ratio output of circuit 54, denoted as HRF(J), is proportional to the head/disk
separation (flying height).
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sponse: tpp* Ny the nunber of the selected head, MJX and hold 36 adds the ra-
dial correction value for the selected head to the circunferenti al
correction RO 9 91 074 val ue for the selected head. The. conbined fly
hei ght error value is converted to an analog error signal, and sw tched by
MJX 36 to the appropriate driver 38 for thgssel ected read/ witc head. The
sel ected driver drives the fly height adjustnent by flexing the suspension
arm 12 of the head whose signal was se- lected by N, the head nunber, in
arm el ectronics 26. Each of the servo leops for a given selected head and
sel ected driver has a aypfcithere preaamailmymberof sorseaitiveisagnlas oy nsmaliphisisat | .
Thelse gai n gonst ant gsﬁa%é Er]onadhzdmhetﬂwd sigha s EHcad,]Etlﬂev?JQdE Hﬂlg‘j)]fbn Bk aeal
applied to drivers . just- . ne rre r X | ences in
t he servo | oops due ?’ igteéaél?cg? 8’6@‘ allrllocfs1 ﬁeﬂ g?e’% r&t(a)%l'cg‘c%orfblﬁég’haﬁi%gf:osf’g"a

el ements in the serverdvilsps. direplemeasuremgnt is ealrtime efrfy height of the head over the

surface of the disk.

Those skilled in thc art will appreciate that the components illustrated in
FIGURE 5 may be implemented by using well known digital signal processing
means either in the digital read channel or as an invokable process in a digital
filter program stored in the disk drive controller. Likewise, the HRF profile
storage controller in FIGURE 6 could be implemented with a programmed
digital signal processor chip with its own ROM and RAM. Further, the
bandpass filter and the amplitude detector could be implemented as described
in U.S. Patent Application Serial No. 07/999 047, entitled “Digital Amplitude
Estimator”, by H. H. Ottesen et al. This application is incorporated herein
by reference. '

While a number of preferred embodiments of the invention have been
shown and described, it will be appreciated by one skilled in the art, that a
number of further variations or modifications may be made without departing
from the spirit and scope of our invention.
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set at. the,time of manufacture of the disk drive so that the servo |oop for
each head will perform substanti.al l.y-the-same as the Servo Ioops for the

ot her heads. The suspen5| on arm 12 t he {1 oating
read/ wite head 10, are ﬂm m‘ﬂ%ﬂ . Th% fly heilg 1505#!-%5&94%3%9@(
determ ned by the flying of the head, ce

produced by the head aerodynam cs and by the spring force wi th which the
suspensi on arm pushes the head t owar d the di skLAIMSace. Piezoelectric film
40 is bonded to arm 12. The fly height correction voltage is applied to the
filmfromdriver 38 throu h eI ectrical wires 42, Wien the correction signal
is applied to film 40, - £ ilP %‘nﬂféveali‘ﬂff“‘tgl‘?efeé%"rﬁ%ﬁﬁ%d thak aergdynamicadll fhesm
12 bonded to the film a'Bbee the metbritingodiskt Suefase, a preanstino for dynarhioaBrodniriiBngling iy
surface increases the | namc lift of
the read/wite head. T?%Kéﬁggfdéa?l? ﬁcgagﬁg?%ég?:ef%ﬁtﬁﬁﬁhgﬁcos?&?ﬂ% and t hus
the fly height is adjusted by the correction signal applied to film40.
Wien less vol tage is appl meshstfer fiduibly suspendinp €heshieap @boieQhe diskButface SndBRhing

| ess. the spring for ce Ainl NE Vi U55E9R3E Ren R0 DR AEAR: Th38R BF b et

hlgher above the disk sur ace correctio

means for detecting the fly height of the head above the disk surface;

means for comparing the fly height of the head to a reference fly height and
generating a fly height error signal indicative of the difference between the
current fly height and the reference fly height; and

means responsive to the fly height error signal for controlling the spring
force provided by said flexible suspension means whereby the fly height of the
head is corrected to the reference fly height.

2. The apparatus of claim 1 wherein said detecting means comprises:

means. for detecting the average fly height for the head at each track posi-
tion for one or more revolutions of the disk; and

means for detecting the current fly height for the head at each track posi-
tion as the head flies above the disk surface.
3. The apparatus of claim 2 wherein said comparing means comprises:

means for comparing the average fly height to the reference fly height and
generating a radial error signal for the head at each track position;

RO 991 074
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vol tage is renoved; "reduced-to-zero, the m ninmum spring force |s
appll‘e”dtothe head es at its highest fly height—F
R T
9 Wile a piezoelectrice¢fikmes referriéd transgucer ggpLABEDdI ng | he
sus- pension arm other transducers nmay be used. Fotr—exafpte—abimerallic
strip that flexes in response to the anplified fly height error fsigngl I

m ght be attached to t F S,,0 adi a
b o Fest or the.  Bepe T BRpan Al cu By ThChETR, o EUCHIRS Rl RGN
the HRF profile stor &jdcigbhindgengatinpa cimuafential crl“é‘éé&ﬂﬁleémi he HRF si gnal
for each head as the heads are nobved radially across the disks 11. The HRF
signal for each head at

méa§ Por%%m%fn)l(ngctm: radial and circumferential error signals to gener-
ate the fly height error signal.

4. The apparatus of claim 1 and in addition:

means for changing the reference fly height signal to a higher value for
track seek and to a lower value for error recovery of the recorded data.

5. The apparatus of claim 1 and in addition:

means for removing the fly height error signal from said bending means
whereby said suspension means applies the minimum spring force to the
read/write head and the head flies well above the surface of the disk.

6. Fly-height servo-loop apparatus in a disk drive for controlling the fly
height of a read/write head as the head flies aerodynamically above the surface
of a recording disk, said apparatus comprising:

means for flexibly suspending the head above the surface of the disk, said
suspension means providing a spring force that acts against the aerodynamic
lift force of the head as the head flies above the disk surface;

means for measuring the actual fly height of the head as the head flies
above the disk surface;

means for summing the difference between a predetermined reference fly
height and the actual fly height to produce a fly hcighi error signal; and

RO 991 074
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i nder_ p05|t|ons [err], for exanple, is averaged over_several conple
revol®&i"ods of disk. 1-1 ~The average HRF per track is 1 ggmﬂT&HAﬁBEEN aI ue
for that head N at tha ﬁ“H“ a“ Mﬂu“lon Mas plottied i ngEppAcE®fil e
FIG URE 3. As shown | H pen- lteop HRF

i s approximately a parabol Fc eur've® A*radial profile value could be stored
at each.cylinder position M'for each head N. However, since the profiles
can be approxinated by paga? curves, gac pr of % ny rted to a
quadratic expression, [ePrl es{’%"rS‘rvf WA PEPTE THRES 96 é’?ﬁsé'“ g

profile may be determSlnean?yS and theechyt adgusting ehe !mrlmgrforappf thei swsgcingion rmtthod.
Then the constants mi}icé?ﬁur&hQﬁ@ﬂyfh%hte&%} st%g@f is! educad E@Eer@ RARrc tﬁeaﬁ%} €

for each cylinder M Wi, | p ne skilled in the art t

if the profile has a ?llﬁ%Wpﬁyeé tgﬁé%‘é t%\ggtf‘l l e coul d be approxi mat ed
by a higher order expression rather than the second order expression used
in the preferred em bodinent. In FIGURE6 the HRF profile storage

controller 32 has HRF val ue av- a |c 60. .The averaging-logic is
active in calibrate mod 't% %ewaézﬁgsgqtﬂcga wherem said measuring mgcansgcomp%ses

means for detectmg the amplitude of a first harmonic of a signal read by
the read/write head;

means for detecting the amplitude of a third harmonic of a signal read by
the read/write head; and

means for taking the log ratio of the first and third harmonics, said ratio
varying directly with the actual fly height of the head above the disk surface.

8. The apparatus of claim 6 said summing means comprises:

first summing means for summing the difference between the reference fly
height and the average fly height of the head at each track position for one
revolution of the disk and providing a radial fly height error signal;

second summing means for summing the difference between the reference
fly height and the current fly height of the head as the head flies above re-
cording disk on the currently active read/write track and providing a

circumferential fly height error signal; and

means. for combining the radial and circumferential error signals into the
fly height error signal.

RO 991074 . R
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HRF val ye for a head redet erm ned cy| THIGeSHERTSHAS BREN |M
throlge [err] I n th-eI gﬂﬂg!“ﬂ bj)lm FI GURE 3. Posit ons [ﬁpmbgmd [ er|r]
are at the inner and" t he remai ni otr—eytHrmder
positions are equally distributed al ong the I¥ adi us of thle d:jslés_ for each
head, the HRF average fo r oaded into
regi ster 62. Least gquargst’ﬁgrgragéﬁ?i%yu&g%%‘P@%&{'(&)ﬁ?@rsﬁ?r{lrﬂ@ﬁ"Fé?%‘??l“?{’é%s*the
constants [err] and [err] that may be used in a quadratic expression to

approxi mate the head prqfihfie sfo?a(ge%?e%ﬁ's ?gt?nqgvé i ﬁg@@% g@% ﬁi@inigé tt‘?rbrgl)‘grgch

selects a register |logation for constants

head N. For exanpl e, ? g*rmﬂgé’&s#E“caf‘l‘f’em:t‘ébPé’fﬁleleéh‘?/é‘sefaF&ed]ﬁheéggt ef ¢ heghat
stores constants [ err padharack.poSiddmyr at e node continues until constants C are
| oaded in table register 66 for all of the heads.

means responsive to the stored profile constants for each track for gener-
ating the average fly height of the head at each track; and

means for subtracting the reference fly height from the average fly height
of the head.

10. The apparatus of claim 6 and in-addition:

table means for storing multiple reference fly heights; and

said table means responsive to a mode signal for selecting one of the refer-

ence fly heights for use by said summing means.

11. The apparatus of claim 10 wherein said table means stores a reference
fly height for read/write or track follow, for track seek, for disk drive sleep, and
for error recovery.

12. The apparatus of claim 6 and in addition;

table means for storing multiple fly height profiles for the head;

means for deactivating the passage of the fly height error signal from said
summing mecans to said bending means; and

RO 991 074
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During track seek rmcm,mmlﬂ Cin table 66 ar :

mat e ‘tRe HRF aver age | gm;’, E’ ach head at the nﬁ%&tﬁﬁ@l'
i nder position. As thé héads a¥e sbelsfg noved to the ndw cyl REBIAC n,
digital quadratic approximation |ogic 68 rééeives the mts C for the

each head and Mthe cyl|] Si .k Q0| t ver age
HRFN( M --f-or head N at _cggaF&ljg‘rgﬁa%ﬂggg#ﬁgﬁﬁgegﬁsﬁgﬁg%%vlrﬁgcfiglg‘ft&ggglyﬁf: (t)lﬁz ﬁcross
t he di sks. For exanplf&iBhRrofliskfor jee prestit bededReapy | i nder position 541 and
the HRF average for head #3 is being determ ned. Table register 66, in
response to a track seek node command fromthe host processor and N= 3 from
the host processor, would read out constants, [err] [err] and [err] to

| ogi ¢ 68. Logic 68 receldyeBiepppamiys of elgim 1 hwherei saip taldemeans stared adlheightit es

fromthe quadratic expsmsforeackiSdelgnd he dsREsivaslks. f rom regi ster 66, the
HRF3(541) average; i.e., the HRF average for head #3 at cylinder 541. The
HRF[err] (M average for each head at each cylinder position is |oaded into
register 70. Summing circuit 72 then subtracts the optinmal HRF reference

14. The apparatus of claim 6 and in addition:

means responsive to a track seek mode or disk drive sleep mode for deac-
tivating the passage of the fly height error signal from said summing mecans to
said bending means; and

said bending means, in the absence of the fly height error signal, decreases .
the spring force applied to the head by said suspension means so that the head
flies high above the disk surface during track seck or disk drive sleep mode.

-
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valug HRE(R'W for read/wite from[err] (M. The difference is the radial
error \@r correction value [err] for head N at the c 'i§d@4 Ehuu I%F Y The
optimal flight height for read/ wite operations (or TH'C B IE%%NP ¥lstored
inta- ble register 74° During track seek, 9able regi st eRE7UAGRADs odt to
HRF(O reg- ister 76 the value HRF(SEEK) and to summng circuit 72 the
value HRF(R'W. In FIGURE 1, MJUX and hold 36 receives the REN (M for each
head, and stores it as the radial ﬁwﬁﬁldﬁﬂ‘lﬁﬂmwrﬁrﬁ gi stler Lor each
head. This value is updated as the he v hrough the cylinder
positions. During track seek opéF%BFeﬁgﬁﬂﬁf&ﬁﬁﬂﬂDﬁU@8E§§"%N|| add the
radial error [err] to the circunferential error [err] being received from

PID control 34. Since RO 9 91 074 HRF( @hsrRaldrack seek node has the
HRF( Seek) val ue (FI GURE 4 descri bed '

The fly height of read/write heads in multiple disk drives is dynamically
adjusted to optimum fly height by a servo loop. The fly height is sensed in real
time with a harmonic ratio fly height detector and compared to an optimum
or reference fly height. The suspension system of each head is adjusted in ac-
cordance with the departure of the fly height of that head from the optimum
fly height. = The adjustment of the suspension system is accomplished by
bonding a piezoelectric film to the flexible suspension arm carrying each head.
The fly height is corrected for both radial and circumferential error as the head
changes radial and circumferential position relative to the disk surface. The
reference fly height, to which each head is moved by the servo loop, may be
selectively changed in the fly height servo operation. This can be done to lift
the heads away from the disk surface during track seek mode or disk drive
sieep mode. The reference fly height can also be changed to lower the heads
towards the disk surface during error recovery mode.

—_—

FIG. 1 _—
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hereingfter), the resulting conbined error signal will be used by drivers

38 to hrimggeach head to the track seek fly height

i1 SHEETRHAS BEEIVE t he

read/wite fly height HRF(R'W. Subsequently, during readgppiAcEDor trqck

foll ow oper-- ations at the new cylinder position,
add the radi al
i ng received fromPID control

used by dri4;6t§ 38 to bring each
shown_i ‘ eyval ue of
gYe1 {‘:rll:?a%

HRF(R'W. MJX and hol d 36
circunferential error be-

conbi ned fly height error signal wl K-

head to the opti nal

wi |

fly height HRE(R.W \as

HH
error to the real tine
34. The resulting

HRF(O), the reference fly hei ght  [&@ANDRABSd circliMPBOURE ged by
HRF controller 32 to acc | i shf agdi FllaiaR tlasks WMDERECHERf fy hei ght_servo
| oap, as descri bed above, ?or tfacCk—seek—IM FlI GURE™Z,—the Vval ug (;E@éF(O)
may be increased, to a val e 44} during a track seek node. ThisYh }_.ﬁ?_ )
effect of lifting theX(d urtggé away fromthe disk surface{difiGng’ |gshJ
speed radi al m)venQ?,_\o T hg Theptlsy )Conversely, t he g | ue of HRETI| may be
decreased to val ue 45 durijng anf error 41*8(:‘_Qvery oper a¥i 7& Thi spras—t he ef -
fect of |owering the hHed cIoser_) NP AL SurfaAC}fPEﬁLﬁ‘)SE o ifrprove the
FILTER DETECTOR
Y3(J)
< |
+7 FIG.S
_ /‘62
HRF HRF ; Y ' 4T
N — AVE. —=| HRF(M¢) HRF(M3) HRF(ig)
MopE— | Y60 | l
M _ ¥ ¥ ¥
64 LEAST SQUARES ERROR APPROX. LCGIC
€1 |[C2 |C3
[
74_—\ MCDE ——s] TABLE l«— N
— C . C . Cx
MODE TABLE C1,1, 2,1; 3,1 ~_ 66
HRF(R/W) 1,2; C2,2; C3,2
HRF(SEEK) .
HRF(ER) :
SEEK  |HRF(SLEEP) Ci{,N; - C2,N: C3.N
OR . : s 3
PROFILE ' ‘ 4’ %
HRF(0) DIGITAL QUADRATIC  f=—}
75/ g' APPROXIMATION
e— MODE
TO 3 30 - Locie M
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79 > HRFy(M) }~—70
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si gnal -t ewnoi se ratio for the data signal read during reread of recorded
data for “errot recovery. Al so, during sleep or idl e node when the drive is
not active, the value of HRF(O rmay be increased to value 43 to |ift the
heads wel| clear of the disk surface to reduce head/dis 6§H .
idle nodes are simlar in that they are initiated by n E%ﬁ? §E5Mity
over a predefined time in- terval, but thegysdiffer fro Bn t hat
in sleep node, power to ¢the disk drive is usually reduced while in idle
node, the power to the drive remains on. The abbue) operations use the

cl osed servo loop 20 to jrai se and lc hey ght pf the head. In

addi tion, there are open- | pegalterhe ay-be-psediz or are even
necessary, when raisingith i A e Ly hei ght

i ncreases, the head/disk sgparation ma/ make the datacread sfgnal unusabl e
by HRF circuits 28 in FI 1. Therefp ZQ alter nat\ﬂa1 em bodi nent for
track seek node andpmr |sl gep node is Es he track l%e@'k pro- file 44 or
di sk drive sleep profilg 43 (FI GURE 4) to cont rol drlve s 38 (FI GURE . In
this enbodi nent, MJX and hpl d 36 deactjvates the sw tc/h.-\_ (9

}
{
1
|
{
!
!
I
!

0 | M"Z M- Ma M3 Mg
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12 ing Qf th

conbi ned radi al
to driwers 38 and instead switches the Seek or
profile storage controller 32. The Seck or Sl eep Prof

error

ar ant i

nl

r\rrnr

[err] and circu
Sl eep

FHES SHEET HAGi REEN
i | es RERMWAGEDN Fl QURE 4

L I’]
F rom

woul d be stored in Table 74 (FIGURE 6), and read out TO MIX and nold 36. As
shown in FIGURE 4, the profiles lift the Regad away fromthe optinmm
read/ wite fly he| ght, and gradually return g,heads to read wite fly
hei ght when seek or sl eepﬂggs co Etd_n i onal | ow povver
alternative during sl ee 8,. ﬁf the servo SEAN@R hus
drive to the piezoelectrlcfllm 8 | owPERE Mat ral~§—tP
tensi on of the suspgnsion arm 12 Qhr IO ‘ ahd the aero- dynggm ERQHILE of
the heads would fly he sl eep“hE'rg'ht—‘S‘hwa [ NGURE 4. This
| ow power node, or a Iemem-a{—l—en—effst;ee
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mode, is particularly useful in béttery-driv_en-co it

| apt op or notebook conputers. FIGURE 5 shows the gy e hali0, F 1y
“detector 28 of FIGURE 1. (The harnonic ratio fly [ei gh?'%e'\?- tt BHEFE [al so
described in the above- identified Egbert et al ptm:]agp | 0N, )|l When
read head 10 reads the syn- chronizing field at tehegindly“60-

‘sector on the track on disk 11, sanpli ndgsw’tch circuit 27 sanp
digitizes the output X(t) of the armelectronics 26 at a rate (I/T) where T
is the sanpling period. The digitized sanpled read signal X(J) where J is
the sanpling index, is passed tq,didi : S | 46 and 48. The
sanpling rate, or frequency, gﬁgﬁ%gkéﬂélgggg}s)@ ‘fRf“Ué*t‘ﬁé frequency of the

read signal fromthe synchrQRriREAD WRITE BENDBUSPENSEONf i | ters 46 and
48 filter out the first and third harnonic signal com ponents of the

sanpl ed read signal, respectively. The outputs of the bandpass filters 46
and 48 are passed respectively to anpl istgieg detgect ors 50 and 52. The
anplitude detectors average the outputs of the filters to produce the

i nstanta- neous anplitude values which are the running averages for

anplitudes of .th§pe fly height of read/write heads in multiple disk drives is dynamically -

adjusted to optimum fly height by a servo loop. The fly height is sensed in real
time with a harmonic ratio fly height detector and compared to an optimum
or reference fly height. The suspension system of each head is-adjusted in ac-
cordance with the 'depart_u;é_ of the fly height of that head from the optimum
fly ﬁeight. The adj_ustment of the suspension system is accomplished by
bonding a piezoelectric film to the flexible suspension arm carrying each head.

- The fly height is c0r_re¢:téd for both radial and circumferential error as the head
changes radial and difcur’nfereritial position relative to the disk surface. The‘
reference fly height, to _which' -each head is moved by the servo loop, may be
selectively changed in the fly height servo operation. j

FIG. 1
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. . . . E“ PLACEMENT SHEE
means either in the digital read channel or as an invo e 'process In
digital filter programstored in the disk drive controlfl gg. .LilkdUNs896t he
HRF profile storage controller in FIGURE 6 could be i mikenepied Wit H 3"
programed digital signal processor chip with its owm ROM and RAM Furt her,
t he bandpass filter and the anplitude detector could be inplenented as
~described in U S Patent Application Serial No. 07/999 047, entitled
"Digital Anplitude Estimator", by H. ‘H Otesen et al. This application is
i ncorporated herein by reference. Wiil%3a nunber of preferred enbodi nents
of the invention hEVq been shown and described, it will be appreciated by

one skilled i'n the ant, t hat -a nunber of furtlgr varjations or
Yy ' -1 hg spirit and scope of

nodi fications may pe nade-w
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CLAI M5 1.

- a signal

LA In a disk drive having a read/wite head,
fli*es above the recording disk surface, and an actuat ¢r_ R PRI EOT
read/wite head fromrecording track to recording tra:kﬂéﬁgﬂéﬂjE |

surface, apparatus for dynamically controlling the fly
- . above the disk surface while the head is37ﬁying al ong
recorded at the data track, -said apparatus conpri sing:

t hat _aerodynani cal-ly

igﬁtbgﬁﬁtggﬁ?h
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suspensi on

means - connect ed. between the arm and the head for flexibly suspending the
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provi ded by said flexible suspension neans to adjust the fly height of the

head to the reference fly height at the sane tine and T e e
head is reading the recorded signal and flying along t gz%?f,é@%‘ﬁ ;?Sﬁfﬁg l&

apparatus of claim1 and in addition: meags for detect|j pg the Ta g9 |

hei ght for the head at each track for one or nore revqlLi Cargof T he di's

3. The apparatus of claim2 wherein said conparing neans conprises: neans
for conpar itegen hite seadrwigte lidad: dndi thé tmdgnetid eecorfity surfaee fdfythé elisght Thadhorter
generating a radial error signal for the head at each track position; means
f or conpar ithg fiytheightris,¢he highygr theippitentiabdata dedsitidnd to the reference fly

hei ght and generating a circunferential error signal; and _ neans for
conbi ni ng t he rUdi.dratemdt.é771.8¢hoé Brawnaat aby eeipmepkyrassigned, vitinthisaapplication, y

hei ght error signal.
J c{escrit?es- a method and a means for measurement of head/disk spacing by use of a

harmonic ratio fly height circuit. The '544 patent is directed essentially to measurement
of average fly height along a track, and use of that information during the manufacture
of the drive. There is no provision for measuring circumferential variations in fly height
around a recording track. . |

Closed loop control of fly height in a single-disk drive having a rigid support for
the read/write head is shown in Japan Patent 02-263306, and U.S. Patent 4,146,911. In
U.S. Patent 4,146,9}11, the head arm is moved relative to the surface of the disk to
changé the fly height. In Japan 02-263306, a piezoelectric block between the arm and
the read/write head is excited to change the fly height. Neither patent shows a
conventional multiple-disk arm assembly consisting of a rigid comb with suspension arm
attached to the end of each comb blade, and a floating head-suspension attached to the
end of each suspension arm. The fly height control structures in these two patents are
not practical for hard disk drives with flexible suspension systems such that the head fly
height depends on the flying characteristic of the head as well as the suspension system.

| SUMMARY OF THE INVENTION

According to one aspect of the invention there is disclosed in a disk drive having a
read/write head, that aecrodynamically flies above the recording disk surface, and an
actuator arm for moving a read/write head from recording track to recording track on a
recording disk surface, apparatus for dynamically controlling the fly height of each head
above the disk surface while the head is flying along a data track reading a signal
recorded at the data track, said apparatus comprising:

suspension means connected between the arm and the head for flexibly suspending
the head above the disk surface and pushing on the head with a spring force against the

aerodynamic lift force of the head;
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4. The apparatus of claim3 wherein said controlling oea FSES|
t ransduci ng neans on sai d suspension neans for bendi NGe @kmméﬁﬁﬁ)n
means in response to the fly height error signal. 5. ﬁ'ﬂ&

claim4 wherein said transduci ng nmeans isza piezoel achkisc. . Til.

sai d suspensi on neans. 6. The apparatus of claim!] T‘O'rr’"rreans
for changing the reference fly height to a higher value for track seek than
for read/ writ e sejddreadireatingihetrheordéds kigukaliin ¢headada treckaandopnoviding aecafdsignal;r or
recovery when re-reading recorded data than for read/wite operations by
the disk drive.means forqefeqimigfromdbe vend) signs! asperent: ihy heighholithsibead @b@vertbp

control ling,.the hei ght of a read/wite hea th
aer odynani (HiK spr éﬁ \%515 SRRE J10p6 %F@Kloﬁ?‘f‘qrh‘@h?ES?’gé’Sa%fs rga‘?‘é& g‘?%eﬁ%rdﬂii signak 5; ¢

??Li‘kéi E‘gkgﬂaé'aﬁ P dnfparink fe a%%%ﬁﬂyﬁ%ea@%ﬂiﬁ?%%é%geﬁg £t O i P
co
the head ab%%b%%ﬁﬁ%%aﬂufﬁ%@goﬁgf AR Rl BF oL BicRioct o KGR né}?g

spring for t odynamc I|ft force of the head as
the head fﬁﬁgxlﬁ%dﬁfer%f&&?dermlhé@ﬂ,iﬁ& _

means responsive to the fly height error signal for controlling the spring force
provided by said flexible suspension means to adjust the fly height of the head to the
reference fly height at the same time and location where the head is reading the recorded
signal and flying along the track.
| According to another aspect of the invention there is disclosed fly-height servo-
loop apparatus in a disk drive for controlling the fly height of a read/write head as the
head flies acrodynamically above a data track on the surface of a recording disk, said
 data track having a plurality of sectors and said head moved between data tracks by an
actuator arm, said apparatus comprising:
suspension means connected between said head and said actuator arm for flexibly
suspending the head above the surface of the disk, said suspension means providing a
Spring. force that acts against the aerodynamic lift force of the head as the head flies
along the track;
said head for or reading a sector signal recorded in at least a portion of each sector
of the data track;
. means responsive to the sector signal read by said head for measuring the actual fly
" height of the head at a sector location on the data track where said head is reading the
sector signal as the head flies along the track on the disk surface;
means for calculating the difference between a predetermined reference fly height
and the aétual fly height to produce a fly height error signal; and
 means responsive to said calculating means for bending said suspension means to

adjust the spring force of the suspension on the head until the fly height error signal is
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along the track; said head for or reading a sector signal recorded in at
| east a portion of each sector of the data track; nea £ OSLve to the

sector signal read by said head for nmeasuring the act aﬁéf ?’5?%@?%%”“%!—% e
head at a sector |ocation on the data track where sai ngd i-s'] erﬂQﬁ t the
sector signal as the head flies along the track on the diLsSK Sl THCE"means
for calculating the difference between a predeterm ned reference fly hel ght
and the acrashiced tojzdreivgterebyahe heatliiseoatrdlled toefiygint the reforense fiydeighn whikethas

responsive to said cal culating neans for bending said suspension neans to

adj ust t heSestor signal dy read @nd thecactund Syrheight iomeasueednead unti|l the fly height
error signal is reduced_t o zero. Wnerebdlgt he head is controlled to fly at

the reference fly height WBRIEFINGSGRIPTION QK FHE PRAVWINGS| t he actual fly
hei ght i Th f.claimy i i i
rrglagst clo?rpms SZE_E(EGREBI shows ﬁlearg)lg%rn%huesmb%dhﬁen%lolpme W)]'Ei{e?glhrt] sesr%lo ocr;}')3 %?i%gr{gnag

transducer on the read/write head suspension.
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means for detecting the anplitude of a first harnong
the read/ wite héad; meansfor-detecting the anpli tjydRERSA

of a signal read f i head; and neans ihadllh
of the first and.‘i, ,n m w sai d r@tio varyi ng e ectdy--wi-th-th
actual fly height of ¢t he heads above the di sk surface:

claim?7 wherein said cal culating means conprises: first ' cal cul ati ng neans
for calculating the difference betweefLiAIMS ef erence fly height and the
average fly height of the head at each track position for one revol ution of
the disk dnd pRo¥idiskndrive hawing a reqd/weite)heads that agrodynamicallyc flies abaveuthst i ng
means for cal cul ati.n he difference between the reference fly hei ght and
the curr e,{fthfﬁl)pgﬁquﬁyl’ ’ M‘&t%ﬂphgﬁ'ﬁ%%ﬂng Pir‘?éﬁ‘é(f)‘f?v@afié deergdiagsk

on b, UG L St ARE V5.4 Sebel, BB, i AP b LERLS
circunt er eBhd-8hing "the rﬂysh&QRt_' Sf bdthCheallSbbbe PR suthdeChfit WPhead is flying

along a data track reading a signal recorded at the data track, said apparatus comprising:

suspension means connected between the arm and the head for flexibly suspending
the head above the disk surface and pushing on the head with a spring force against the
aerodynamic lift force of the head;
said héad reading the recorded signal in the data track and providing a read signal;
meémé for detecting from the read signal a current fly height of the head above the
disk surface at the same time and location where said head is reading the recorded signal;
| means for comparing the current fly height of the head to a reference fly height and
generating a fly height error signal indicative of the difference between the éurrent fly
height and the reference fly height; and
| means responsive to the fly beight error signal for controlling the spring force
provided by said flexible suspension means to adjust the fly height of the head to the
feference fly height at the same time and location where the head is reading the recorded
signal and flying along the track.
2.  The apparatus of claim 1 and in addition:
means for detecting thg average fly height for the head at each track for one or.
'rﬁore revolutions of the disk.
3.  The apparatus of claim 2 wherein said comparing means comprises:
means for comparing the average fly height to the reference fly height and
generating a radial error signal for the head at each track position;
means for comparing the current fly height for each head to the reference fly height

and generating a circumferential error signal; and
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10. The apparatus of claim9 wherein said first cal C,Uhgpmmgﬁﬂgﬁggr

conprises: p ' ans responsive to saidijnmeasuri a f ojt
storing prof mmumugmmm”ml cative of the profile obatgh__e_:r,]g,e_:{@g _______ Ly
hei ght of the*head 'at "each track positi oy neans respensive—te-the-stored
profile constants for each track for generating the average fly height of
the head at each track; and neans for subtracting the reference fly height
from t he aver ageans|for eshlginingothe rivbialandctircumferghiial zproasignals tofgendraterthd flynd

i n additiaqn; tabl e neans for storing nmultiple reference fly heights; and
sai d t abl SCHEM GEOF 8ig88kisi ve to a node signal for selecting one of the

reference fl ei ghts for, yse sai.d symm ng,.neans. 12. The apparat us of
Cratm 11 vher ol Bt S hetkinsad COnRalas Breis Fmpriergni

transducing means on said suspension means for bending said suspension means in

response to the fly height error signal.
‘5. The apparatus of claim 4 wherein said transducing means is a piezoelectric film
bonded to said suspension means.
6.  The apparatus of claim 1 and in addition:
means for changing the reference fly height to a higher value for track seek than
*for read/write operations by the disk drive and to a lower value for error recovery when
re-reading recorded data than for read/write operations by the disk drive.
7.  Fly-height servo-loop appafa’tus in a disk drive for controlling the fly height of a
read/write head as the head flies aecrodynamically above a data track on the surface of a
recording disk, said data track having a plurality of sectors and said head moved between
data tracks by an actuator arm, said apparatus comprising:
suspension means connected between said head and said actuator arm for flexibly
suspending the head above the surface of the disk, said suspension means providing a
. spring force that acts against the aerodynamic lift force of the head as the head flies
along the track;
said head fof or reading a sector signal recorded in at least a portiori of each sector
of the dafa track;

_. means responsive to the sector signal read by said head for measuring the actual fly
height of the head at a sector location on the data track where said head is reading the
sector signal as the head flies along the track on the disk surface;

means for calculating the difference between a predetermined reference fly height
and the actual fly height to produce a fly height error signal; and

. means responsive to said calculating means for bending said suspension means to

adjust the spring force of the suspension on the head until the fly height error signal is
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for read/ wi t‘e'o'rt—radék’fdlgm for track seek, fofgdisk dei-ve=steepy and
A

for error recommuma“ aratus of claim 12 j\hereisceseaidSHES & neans
selects the tr ht as the referenceffly hei 2} @se d
bendi ng means dé&cr&ases the spring forceigpplied t m&@:.he‘g lﬂy i-d

suspensi on neans so that the head flies high above Host ring

track seek operation of the disk drive. 14. The apparatus of claim 12
wher ei n:  sEadycadytel zerorvhaeeby dhehead is ganteoliedrto flycaitae veferepcenBy dnightwhilpghe

f fly height; d sai d bendi ng. mes ' th ' f
oopl 1 0a. ¢ ek Sesab el anditieaspon gy Qs mResBhar t he head f11es | ow
above the giskynsurface dugin rror .recavery aperation of.the disk drive.
15, The appar b H6 TS PhE151, ] dVidteln dad Peaturiie A0S RFSER st or i ng
itiole flv hei ; : ; :
multipte tly LY rdt' & tééct iy a&xﬁ'@gﬁ?ﬁga} ?@%@%&Eﬁ"am % ﬁgﬁﬂsreaﬁ S&'Ortﬁ:' ve

to a node signal Tor se ng one
read/write head;

means for detecting the amplitude of a third harmohic of a signal read by the
read/write head; and

means for taking the log ratio of the first and third harmonics, said ratio varying

_ .directly with the actual fly height of the head above the disk surface.

9. The apparatus of claim 7 wherein said calculating means comprises:

first calculating means for calculating the difference between the reference fly
height and the average fly height of the head at each track position for one revolution of
the disk and providing a radial fly height error signal;

second calculating means for calculating the difference between the reference fly
height and the current fly height of the head as the head flies above recording disk on the
currently active read/write track and providing a circumferential fly height error signal;
and

means for combining the radial and circumferential error signals into the fly height
error signal.
10. The apparatus of claim 9 wherein said first calculating means comprises:

profile storage means responsive to said meaéuring means for storing profile
constants indicative of the profile of the average fly height of the head at each track
position;

means responsive to the stored profile constants for each track for generating the

. avérage ﬂy. height of tﬁe head at each track; and

means for subtracting the reference fly height from the average fly height of the

head.

11. The apparatus of claim 7 and in addition:
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profiles for used by said bending means. 16. The apparatus—of-ttairm &5=

wherein said tab”wmmnﬂn | fly height profil & FéFLEPEMRENIGEIESING f or
di sk drive sleep - mﬂmus of claim 16 wherlein: sfai]iJgEn 79
means, responsive*to®the del écted profilg from said |t BBlee-reans, - d8cr.elises
the spring force applied to the head by said suspension neans so that—t he
head flies high above the disk surface during track seek or disk drive

sl eep node. 18ablghneanp for sioning orultinle referenemily heigh@dand on: means .
responsive to a,trgck seek node or disk, drive sleep node for_ blocking the
passage of t hesaid {ablecmeans 1epRaysive tg danode gnal forselenting Aperfhe refgrease dly
bendi ng ans; and said bendi ng neans, in the absence of the fly height
error si gﬁﬂéﬁﬁg‘?r‘@ﬁz’é{s‘% 214 ce applied to the head by said

suspensi _On12r.TE R fp%a}ﬁ@& of Rfidl SAwhidef® saﬁéi %le means stores a reference fly height

for read/write or track: follow, for track seek, for disk drive sleep, and for error

recovery. _
13. The apparatus of claim 12 wherein:
said table means selects the track seek fly height as the reference fly height; and
said" bénding .means decreases the spring force applied to the head by said
suspension means so that the head flies high above the disk surface during track seek
opération of the disk drive. |
14, The apparatus of claim 12 wherein:
- said table means selects the error recovery fly height as the reference fly height;
and |
said bendihg ‘means increases the spring force applied to the head by said
suspension means so that the head flies low above the disk surface during error recovery
operation of ihe disk drive.
15. The apparatus of claim 7 and in addition:
table means for storing multiple fly height profiles for the head; and |
said table means responsive to a mode signal for selecting one of the fly height
profiles for used by said bending means.
16.__. The apparatus of claim 15 wherein said table means stores a fly height profile for
track seek and for disk drive sleep.
17.. The appai'atus of claim 16 wherein:
| said beﬁding means, responsive to the selected profile from said table means,
decreases the spring force applied to the head by said suspension means so that the head
flies high above the disk surface during track seek or disk drive sleep mode.

18. The apparatus of claim 7 and in addition:
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above the disk surface durin

track seek or d‘i sk [t E?IEEP\EIEE% HSUU?; |
i LA

18 RN b

" means responsive to a track seek mode or disk drive sleep mode for blocking the
passage of the fly height error signal from said summing means to said bending means;

_ énd |
said bending means, in the absence of the fly height error signal, decreases the
spring force applied to the head by said suspension means so that the head flies high

above the disk surface during track seek or disk drive sléep mode.



