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- MODE CONTROL W TH VARI ABLE PARAMETERS' 5.Field of the Invention Thi s
i nvent i ofwg &9/#kes generally to the positioning of control rdymessazesand nore
particularly, but not by way of lim t_alt_i on, to inproving the nechani cal
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data storage and retrieval devices in nodern conputer systens. In a typical
disc drive, information is magnetically stored on one or nore discs that

arg rot st ant hi gh speed and accessed by a rotary actuator
15§sse' eF&j P{healngglﬂahur ality of read/wite heads that fly adjacent the
surfaces of Thi idvatidn rélatesagtnefatinnelthapekitioring bAcenteolrabjects, aand momevi ded to
recover previously stqored data fromthe discs to the host conputer,
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posi t i oparafmetere nedmdsloggl ative to tracks on the discs. The tracks are -
defined fromservo information that is witten to the sur’ﬂmlﬁwmnmmm di scs
ddp; ng manufacturing. The servo systemof a disc drive th t he
servo i%@o&ﬁlgl hGeiidgr f or mance of two primary operati onssisseeki ng and

track fo W ng. Seeking entails the novenent of a selected head from an
initial tracKatdbdicdeives act commaslyrused as i priparyt datalstorage, aral retrieval devices

el ocity-control h i ically. | wh in the velocit f th
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target trac e anmpunt of current applied to an actuator coil varies in
priSpor t assembly bdving e lpburality afinead/write deadst thatt By adjacdnt iths surfasgs of die disesoi de
coil motor, used.to,control .the positi.gn, of the head. 30Track .fol]low
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The tracks are defined from servo information that is written to the surfaces of the discs .

during manufacturing. The servo system of a disc drive thus utilizes the servo information
in the performance of two primary operations: seeking and track following.
Seeking entails the movement of a selected head from an iniﬁal track to a destination

25 track. More particularly, a velocity-control approach is typically employed wherein the
velocity of the head is repetitively determined and compared to a velocity profile which
defines an optimum velocity trajectory for the head as it moves to the target track. The
amount of current applied to an actuator coil varies in proportion to the velocity error, the
actuator coil being part of a voice coil motor used to control the position of the head.

30 Track following entails the continued positioning of a selected head over a
corresponding, selected track. More particularly, a position-control approach is typically
employed wherein the relative position of the head with respect to the center of the track is
determined and compared to a desired position for the head. A position error signal (PES)

indicative of position error is generated therefrom and used to control the amount of current
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WO 98/ 49677PCT/ US97/ 17655 -2- that is applied to the actuator coil in or der
to maintain the head at the desired position relative to the track. As wl|
be recognj dern disc drives typically enploy an enbe schene
wherein t ésggﬁgg information is angul arly spaced and inté%gggﬁggzégnnng
user data 5fields (comonly referred t& as "sectors") on the surfaces of
the di scs. However, the sanpling rate of the servo information is typically
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provi de ésti hat es o “head position, velocity and bias force correction at
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art disc drive servo systemdesigns ave becone increasingly deficient in
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vibration_inputs. An al ternative caontral methqdol.ogy .kno as sliding
mode comM Y&t s‘r?é%g_eb@gn" ffﬁcfa?eocaﬁg‘?"ﬂgsef EPr F’Hmn_llg?’t é‘?‘g\é%?ﬁ %,’\gﬂle current
appl i calgbRuatiors H#e Ahidved ek UeRMdsCoreatb lfin 30001ALRs P& Mhtifft! @bt R0vsed
to position control objects (such as cantilevered arns) In the performnce

of 30vattagksspersioti). The kmplementatiph dise drives grithzsugh hiCrack densitielsi(amdr syst em

| hodel ' 11k for | b i | j
S R R G R S R T
spxal | egbterad o mmtm:%rmqma@aﬁuOchfah@Pte)ﬁﬁbxz ofl theyheaasl @5 tHeate@nes of | | ati on

of the control object (due to, for exanp .
external mechanical shock and vibration applied to the drives. For example, it is important

to accurately maintain the position of a head over the center of a track during a write
operation to prevent the inadvertent overwriting of data on adjacent tracks. Unfortunately,
traditional linear control methodologies utilized in prior art disc drive servo system designs

25 have become increasingly deficient in providing adequate control in the presence of
significant shock and vibration inputs.

An alternative control methodology known as sliding mode control (SMC) has been
found to be useful in certain control applications, such as in the robotics field, wherein servo
motors are used to position control objects (such as cantilevered arms) in the performance of

30 various useful tasks. As will be recognized, SMC is a nonlinear system control
methodology that is well known for its robustness in handling systems with uncertainties.
However, one well known problem with SMC is the so-called "chattering phenomenon"”,

characterized by undesirable oscillation of the control object (due to, for example,



WO 98/ 49677PCT/ US97/ 17655 -3- overcorrection). Additionally, as the gain of
a control systemis increased, sensor noise (i.e., errors between actual
and neasw@og/patiamet ers caused by inaccuraci es and of f set spacTru$d1A7655
neasurenment circuitry) typically causgs undesired oscillatory response in
the control object. Such detrinmental effects can generally be m nimzed by
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I nprovenents in the art whereby the robustness of disc drive servo systens
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velocity estimate. A plurality of gain blocks are provided so that a
vari abl e position gain and a variable velocity gain are applied to the

posi ti oBumkfhry OF @ InveMidPr S, respectively. Particularly, the gain values
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20 also referred to as "DSMCVP").

In accordance with a first preferred embodiment of the present invention, a disc drive
is provided having a servo control circuit in which a reference generator generates head
position and velocity references, an observer provides head position and velocity estimates,
and error circuitry determines a position error in accordance with the difference between the

25 position reference and the position estimate as well as a velocity error in accordance with the
difference between the velocity reference and the velocity estimate. A plurality of gain
blocks are provided so that a variable position gain and a variable velocity gain are applied
to the position and velocity errors, respectively.

Particularly, the gain values are low for small values of position and velocity errors,

30 high for large values of position and velocity errors and intermediate gain functions are
provided for intermediate values of position and velocity errors, the intermediate functions
having boundaries corresponding to the low and high gain values.

A mechanical shock or vibration input will typically introduce position and velocity



error into the servo system however, the |arger anounts of gain applied to
the velocity and position errors inprove the response of the servo system
and brin he heads to an acceptable condition faster than i ti onal

| i near cgﬂ{)rggf‘%gisterrs. In accordance with a second pref eﬁéﬁué%é I“ment ,
second order gain blocks are 5provi deédso that the position gainis a
function of not only the position error, but also the velocity error;
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2 provi defcity fewie! iiRévse,bihe G102t gamiMs f fubnborflbe fotdrily ﬁlmel&él{g} e&oxo et aﬂby
connected to a host conputer in which the disc drive 1s nmounteéd

provi dedheapesitien panl Higheriorderagpin blasks incduding additionad [parameerist Sls:ﬂ:cnm i n
FIG 2. a@@e'f%r@ho ﬁg%odc%?l,t%}pg n‘]flrol diagram for a disc drive servo control

circuit enplo conven i near control in accordance with the prior
art. Fl’I(Eesé aid OarlilRSotBerdfeatbdsCal wele RS a@Rmtapbd MRich| cHabRtdrizBQRE present
position gain applied to the position error Xerr by the control diagram of
FIH) 4. ipjeption Vﬂf 1dbgi appareat forphireading efhthe feHewingdietailed descriritivn and\acteyisw v
gai n appki city error Verr by the control diagramof FIG 4.
FIG 7 %rk(g@éjﬁgsgmg@grdg;%ﬁ%g representation of offtrack position error
versus gain caused by error sources including external vibration and shock
i nput s, a_s vveII .as by sensor noise for the control diagramof FIG 4. FIG
of Jescription EJPANIBES for the disc drive servo control circuit of
t he di sc 30d Tl Ael] r .
enbodi nment ofF Itéﬁelo%lro E}ggn(th}? vae;:tE |80n E?EMSE%F%‘\;}:?J&@ g{eg@'gge%lggaﬁgb(’dmems
r el esenf dhd presaft ihventioar i abl e posi tion gain applied to the position error

Xerr by the (ii(i&t r’.’.OILrog{dgg aq'{Pn tional &ock diagram of the disc drive of FIG. 1

operably connected to a host computer in which the disc drive is mounted.

FIG. 3 provides a functional block diagram of a servo control circuit shown in FIG.

20 FIG. 4 provides a control diagram for a disc drive servo control circuit employing
conventional linear control in accordance with the prior art.
FIG. 5 provides a graphical representation of the linear position gain applied to the
position error Xerr by the control diagram of FIG. 4.
FIG. 6 provides a graphical representation of the linear velocity gain applied to the
25 velocity error Verr by the control diagram of FIG. 4.
FIG. 7 provides a graphical representation of offtrack position error versus gain
caused by error sources including external vibration and shock inputs, as well as by sensor
noise for the control diagram of FIG. 4.
FIG. 8 illustrates a control diagram for the disc drive servo control circuit of the disc
30 drive of FIG. 1 in accordance with the first preferred embodiment of the present invention.
FIG. 9 provides a graphical representation of the variable position gain applied to the
position error Xerr by the control diagram of FIG. 8.

FIG. 10 provides a graphical representation of the variable velocity gain applied to



FIG 10 provides a graphical representation of the variable velocity gain
. applied to "WD 98/49677PCT/ US97/ 17655 -5- the velocity error Verr by the
control &y@aogagyof FI G 8. FIG 11 illustrates a conpentseinagssam f or
the disc drive servo control circuit @f the disc drive of FIG 1 in
accordance with the second preferred énbodi nent of the present invention.

S5FIG 12 i rate vari abl sitio ip of the control diagram of
FI G 11&55\1‘3(&;1&%?%%9%}4&21% yb@f" ﬁ"{“ﬁ‘g‘ @gé’ia{’} Sﬂpﬁ'r g‘r Xerr and the velocity
error Verr. FIG. 1Flilfastrfésial doafrol Aia@sarh Ifer thardigtbdbve/ 8dros icbitralodiftudf oft the
control diagramof FIG 11 as a function of both the position error Xerr
and t hedisedbiyve of FEG: drinasgordapgeqrith Ahesspsand prefemerh embpdiment of thet present of
posi ti o etk Xerr response of both a 10linear controller of the prior art
and a D controller of the present invention froma 11 mllisecond, 20g
shéck input, FIG. 02 dléustrates ithd uatiabdé poditien Beinedfi the cotrdlNBagta@SGNFIG.NVERS hOoN.
FIG 15 shows a_graphical representation of position error Xerr response of
bot h t hMIEHeRQF by ihe POSIEPN ST XfaT oM ¥roeVYers om a sequence of 10
conbi ned axi y14RE ' | L i

gr aphi cal regird(;e's le%P g‘%slﬁg%k g*‘lé %%rg%b?iég%lsglrt}? g%BQgrtﬁg?Jé@f%ﬁgré% %&@%‘Za fnear
cont r ol fuactiamdf bbth thSi6siRon enfor Hdre and ver velosityberedri Verrf r equency range of
from40 Hertz in?l ug to 600 Hz. Detailed Description 20Referring nowto
FIG 1, shownF{@el®ishowsa graphical geprgsentation of positigntestori Fera fesnoasm of bosht
the Prefifdal Qn@oRAd B biioP bt MEVP! | | ] 0

I ncl udesl zzai balsle degh 10%J ?oa\l}h‘%}@hé)%n ouls) d@éﬁgg%rg%@Eg)?esghg&glgé%&gﬁ%&ea 100
ar e nouht sullisgcandp 20g skocklinput, dhowderitn ilhesttateathechenefim\offths present inoapidnat es
wi th the bas e 102 to forman internal, sealed environment for the disc
drive in a cﬁ@‘eﬁ%?lﬂﬂﬁ aﬁﬁarﬂ%é‘igl TepEoseRiafinn (of PRBIgR EFIOR GYHTT GeSPaPsS ?t;/b%ﬁ‘ the)6)
r ot at esyiae cehtroMéreandi thE DSMB VI cohtfoPBs ol a RbgiknsP 6L g0 cgﬂlfbﬁ{eﬁ%d 4
witten to and read fromtracks (not designated) on the discs 108 Chrough

t he useradiallyrdiegstedashoek anmusrbl y 110, which rotates about a bearing shaft
asgsenbly 112 sjti,oned adjacent the di.scs _.108.. The agiuator assenpl 10

i ﬁ?l udes a p}:ﬁ? 'aﬁ ROV a§Ea:pgxéc[ag FEPAPSYRIaton %ﬂ?&'ﬁ%fﬂ@ﬁfﬁ%manﬁeh%{%tgéée
108, Wi fifkkaPEn@blleroind tht DSMEVPLIdhtdfler ¥V &Ndy hdatldnOfR queGe? Firget ¥ frgth ) 114.
Mounted at the distal end of each of the flexures 116 1s 'a head 118 which

i ncl udederz §Hzhwp ta88@ M7y (not separately designated) designed to fly in
close proximty to the correspondi ng surface of the associated disc 108.
When the disc drive 100 is not in use, the heads 118 are noved over | anding

zones Detailed Description
20 Referring now to FIG. 1, shown therein is a disc drive 100 constructed in accordance

with the preferred embodiments of the present invention. The disc drive 100 includes a base
deck 102 to which various components of the disc drive 100 are mounted. A top cover 104
(shown in partial cutaway fashion) cooperates with the base deck 102 to form an internal,
sealed environment for the disc drive in a conventional manner.

25 A spindle motor (shown generally at 106) rotates one or more discs 108 at a constant
high speed. Information is written to and read from tracks (not designated) on the discs 108
through the use of an actuator assembly 110, which rotates about a bearing shaft assembly
112 positioned adjacent the discs 108. The actuator assembly 110 includes a plurality of
actuator arms 114 which extend toward the discs 108, with one or more flexures 116

30 extending from the actuator arms 114. Mounted at the distal end of each of the flexures 116
is a head 118 which includes a slider assembly (not separately designated) designed to fly in
close proximity to the corresponding surface of the associated disc 108.

When the disc drive 100 is not in use, the heads 118 are moved over landing zones
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and the actuator assenbly 110 is secured using a conventional |atch
arrange as designated at 122. The radi al q&sli | t he
heads 1230(?’28@%54% ol I ed through the use of a voice coil not 0/6%%7%2124,
which as will be recognized typically6-ncludes a coil 126 attached to the

Sactuator assenbly 110 as wel|l as one or nore pernanent nagnets 128 which
est abl i $20 aearatheduner diaméter ofithahdisch 10Baandah¢ adtiftor assembilyr $H0lis sEoured using a

controlled application of currenf tao the coil 6 causes nagnetic
interacf?rgﬁnﬁmagﬁh?ﬁgn%?&%n E‘aﬁ%ﬁﬂg{@e‘g%léﬁd the coil 126 so that the
coil 126 nov e AdigIC tERNGeh t A Mhr ty . As
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114 and . .t ads Th rinted circuit hoard 132
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showi ng the maip functional circuits which are resident on the disc drive
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140 and a . disc drive mcroprocessor 142 t n ¢roprocessor 142 generall
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149, whigth typically includes a buffer to facilitate high speed WO
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Referring now to FIG. 2, shown therein is a functional block diagram of the disc

drive 100 of FIG. 1, generally showing the main functional circuits which are resident on the
disc drive printed circuit board and used to control the operation of the disc drive 100. -
The disc drive 100 is shown to be operably connected to a host computer 140 in
25 which the disc drive 100 is mounted in a conventional manner. Control communication
paths are provided between the host computer 140 and a disc drive microprocessor 142, the
microprocessor 142 generally providing top level communication and control for the disc
drive 100 in conjunction with programming for the microprocessor 142 stored in
microprocessor memory (MEM) 143. The MEM 143 can include random access memory
30 (RAM), read-only memory (ROM) and other sources of resident memory for the
microprocessor 142.
Data transfer between the host computer 140 and the disc drive 100 takes place by
way of a disc drive interface 144, which typically includes a buffer to facilitate high speed



data transfer rates. Data to be witten to the disc drive 100 are thus

. passed fromthe host conputer to the interface 144 and then to a read/wite
channel 1#6,98ubé7eh encodes and serializes the data and proyceaset/bmss
requisite wite current signals to the,heads 118. To retrieve data that
have been previously stored by the disz drive 100, read signals are

5gener at he hea 118 .and .provi ded.to.the ad/wite channel 146,
whi ch pe‘ﬁ%o&%ﬂﬁ%e%gea I 3333‘3#8 bg r\?na&erhg)[ g’ftq“t?ndré‘ﬁdl(i(g?’ieetg{’? B?Fsﬁfggﬁf’&! Shnd
out put s cofiutept itk Blerfiite 8 440aridBen 1S & réPRridetchanfE] B46)SANLEBAcdE@RRd €F tO
t he host conmputer 140. Such operation of the disc drive 100 is well known

i n the AeHalizes thy data a8d provides dwgagnisite write punrent signalscto thatheads N&. To

5,276, 6 j vier .et ..al ... asghgned to the assignee
ot 1 he SaleRs WAt ARk phelichsh? (SRR it priy£T00, 8 sighalsiiie by o
sped byefleraed il thedeads 018 and pibvidel48, thyvbéadhwaleecHanhdlaldey vaRepéridrass t he
spindle notgor 106 (FIG 1) through the use of back el ectronotive force
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heads 1§8 iﬁz &)ntrol ed th oug%g the applicatiaon of current to the coil 126
of the RediPP%% isy Pary 1401994, ferShawer: ¢l . jassignesl fodbg apsigreesefythe PEesERY ol
Ci{sui t idrlitiod functional block diagramof which is provided in FIG 3.
Referring nowto FIG 3, the servo control circuit 150 includes a preanp
circuit 152, Tieadiswmri08 atetratateudatcecodant hipghuiptedlbyl a spirglds ventful @fresk A48156

wth assqciated servo RAM 158 and. a, VCM contr circuit 160, all_ of which
cooper at"gust, elsctrically, commutates,the sp mowrglibéa@éﬁ- detappety hegtieraf bagkt r ol
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typically located on the printed rcuit boar as It has been
f ound t ovebleknpoyreand arg disbnasedadenesaniple,| incniced Statep Pasemp Nui. 15668 1, 99% Rsued

cl pse proxinit the heads 118. 25It wi.ll be. recognized that servo
co rolol\g ngb’aﬁ#ﬁ(’r@}nﬁﬁl&e’ﬁﬁﬂgﬁ%ﬂF?Wﬁé%‘g’éefe ?fp‘i‘f’zﬂ At IVERMQDGg and track
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fromthe initjal track a 0 d_ the stination.track. Onc he ag 118
o oo Py T el sbn “ihfriord) RSk ot b v soprbiiten o5 1167 Bl

f ol I owi ng modefétingpfwatd BIG WBEHRi sBrvioénh@fdirddiB 156 ischies @ prearthp chremit t13e,
destination track until the next seek operation is to be perforned.
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when ser, [ LQn.: Iha it.h the track bein ol | quwed sses
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circuit 154, which_includes anal o -to-dlgzltal converter (ADC) circuitry
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operation: seeking and track following. A seek operation entails moving a selected head 118
from an initial track to a destination track on the associated disc surface through the initial-
acceleration and subsequent deceleration of the head 118 away from the initial track and
toward the destination track. Once the head 118 is settled on the destination track, the disc
30 drive 100 enters a track following mode of operation wherein the head 118 is caused to
follow the destination track until the next seek operation is to be performed.
During track following, analog burst signals are provided by the head 118 when servo

information associated with the track being followed passes under the head 118. The burst



magni tudes of the digital representations of the burst signals and, in
accordance with commands received fromthe disc drive mcroprocessor 142
(FIG 2), determ nes the desired position of the head 118 with resq%ect to
the tracOP#49%7T| be recognized that, generally, the optiBfFaV$3a76on for
the head 118 with respect to the traci8-being followed is over track
10center, but offsets (as a percentage of the width of the track) can

sonet i neignile aselwmplified by she/ preampaireditdiSRi and, provided® xaihie! serveeditd dec Rzl
routine In respqnse to the desired relative position of the head 118, the
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r eSponssighal. servo information on the track, the plant 200 generates a PES

which is output on signal, path 204. The control diagramof FIG 4 also
shows an obséveil byrscoghized, fhg serye dpformationon the digssok)8sis aeerdad depng thesss

-9- desj [ AL Sid.C t he
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and a bias estimate.("Best") o i gnal .paths 208 1Q, and 212,
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ang DI aperéD 6 proville aRufitcidl? 'sGRphfg Hf@tf?' fh@i%@fvo' éHn?foi’EﬁE’Mfr‘r%]S@, sl AcAibedces
exerted upon the actuator as a result of the flexure asse y sucﬁ as 130
of FI G belpw an ohbaryer fip providedpiorgentratehbeadspositiod, velecity ked bias force estimates to

Addi t i opal | a refere nerator i.s praqvi ded which.provides siti,on
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settings for_the plant 200. These signals are output on
Referring now to FIG. 4, shown therein is a generalized control diagram a servo

25 control circuit of a disc drive employing a linear control methodology in accordance with the
prior art. As will be recognized, portions of the control diagram of FIG. 4 can be
advantageously implemented in a DSP.

As shown in FIG. 4, a head/disc aésembly (HDA), which will hereinafter also be
referred to as the "plant", is generally denoted by block 200. The plant 200 receives a

30 current command signal ("Icmd") on signal path 202 to position a selected head (not shown)
adjacent a selected track (also not shown) of the plant 200. In response to servo information
on the track, the plant 200 generates a PES which is output on signal path 204.

The control diagram of FIG. 4 also shows an observer 206, or plant model, which is



paths 216, 218 and 220, respectively and have val ues which general |y depend

, upon the particular operational node of the servo circuit, such as track

fol | oW ngy@bs/s9Ki Ng. As will be recognized, the current rﬁmm@ﬁsr ef is
typically provided with a value of zero dur| ng track follow ng. 15A sunm ng

junction 222 determnes a position error ("Xerr") as the difference between
the position.reference Xref a d the position estimte shown.
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A summmg%unctzo(n@Z determines a position error ("Xerr") as the difference

between the position reference Xref and the position estimate Xest, as shown. Similarly, a
summing junction 224 determines a velocity error ("Verr") as the difference between the
velocity reference Vref and the velocity estimate Vest, as shown. The position error Xerr is
provided to a gain block 226 having a scalar gain of Kx and the velocity error Verr is

20 provided to a gain block 228 having a scalar gain of Kv, so that the output quantities are
summed by a summing junction 230 (along with the current reference Iref).

The output of the summing junction 230 is further summed with the bias estimate Best
at a summing junction 232, as shown. The output of the summing junction 232 is provided
on signal path 234 as a control input to the observer 206 and is indicative of the amount of

25 currént to be applied to the plant 200. However, to account for nominal variations in the
operation of the plant 200, the output of the summing junction 232 is also provided to a gain
block 236 having a gain identified as Kp, so that the output thereof comprises the current
command Icmd signal on path 202. As will be recognized, the gain Kp can be adjusted in a
conventional manner to ensure the observer 206 accurately models the plant 200.

30 Finally, the PES on signal path 204 is summed with the position estimate Xest on
path 208 by a summing junction 238 to generate an observer error ("Oerr") signal as an
input to the observer 206 on path 240.

Accordingly, the operation of the control system of FIG. 4 is generally governed as



(4) Referring nowto FIG 5, shown therein is a graphical
representation of the position gain Kx with respect to position error Xerr

for the | . systemof FIG 4. Mre particularly, the x-axi G 5
(i dentifi%g(gué‘{%?g% shows the position error Xerr in ter né’cgﬂéaﬁ% nt age

of the overall track width (or "off-tl@ck"). Thus, the origin on the x-axis
corresponds to the head being positioned over the center of the track (or
ot herw $ellawssel ected, desired offset for the head), the 10% mark i ndicates
that the head is 10% off-track, and so on. Likew se, the y-axis (identified
~at 241) indicates the position gakp,Kx, ,gar_rgﬁﬁondi ng to the scal ar gafly
val ue of the gain block 226 of FI 4, )_(L As shown in FIG 5, the position
gain I Cx (denoted by horizontal line 242) is constant with respect to
position error Xerr, as is typi cakK in seryo systens enpl oyi ng conventi&gual
| i near control techniques. exfr T et gubestt hreshol d (denot ed by
vertical, broken line 244) is also shown in FIG 5, wth the wite fault
t hreshol d indicative of the threshold at which a wite fault is declared
15during a disc drive wite operaOeon= BEQt- Xasg for the wite fault
threshold 244 of FIG 5 (which corresponds to an off-track error of 15%, a
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of FIG 4. TRewgiteafaltohreshald (denated byriverical, dorokeat lingf 244) G5 abp shownhntFIGhS,
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| i nes 250 and 252, respectively. »
(which corr_esponds to an off-track error of 15%), a position error Xerr of 15% or greater

during a write operation will result in the suspension of the write operation until the position

error can be brought down within the threshold. As will be recognized, the write fault

threshold value is used to prevent the inadvertent overwriting of data on adjacent tracks and
20 is typically selected based upon the requirements of a given application.

A second vertical, broken line 246 is also provided in FIG. 5, corresponding to a
position error Xerr of about 7% and indicates a typical distribution in PES variation for the
disc drive. Although ideally a head will be caused to remain positioned exactly over the
center of a track (or otherwise a selected offset point with respect to the center of the track)

25 during a track following mode of operation, in reality, factors such as bearing tolerances,



As will be recogni zed froma review of FIGS. 5 and 6, a shock event that
i ntroduces a | arge amount of position error Xerr can require a considerable
anount ofwd bsmetd correct, 15as the gains applied to the ceat/usd719gsst em of
FIG 4 are |inear and constant with rgspect to the position error Xerr.
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30Kvh. The outputs of the various gain blocks 330, 332, 334, 336, 338’
and 340 are sumed by correspondi ng summ ng junctions 342, 344 and 346 with
the curr ence Ilref fromsignal path 320 as shown. s of

t he sumﬂ%}gg?‘?ﬁﬁi ons 342, 344 and 346 are WD 98/ 49677PC‘FH@E‘§?&%&5 ~13-

provided as A, B, and C inputs to a sWtch 348, controlled by the position

error Xerr. Depending #&on the value of the position error Xerr, the
- cor respondi nd\sofevaf intH&. A, ag HDA ok 800 és provided e withsthe DA (po ptangunmi ng

junctio AR | iLth.the. bias for.ce estinate Best. . As before,

t he out gﬁ%ﬁgltl}t t8 %rg%é "r@ﬁhgggjsé\fﬁétf g g’ﬁﬁ% O?SJ‘%F‘B%} R 1§§ (or ¥emple the gﬁﬁﬁnd
signal 108} headslid8; VEM 304, afidipbioas 90 thy @yvsleshtid? circARi1B0P! ahlis SR2witR \thd19
gain Kp, with the 8ain Kp being selected to match the transfer

char act 8lant 20R of 51Gt Ae thsprlant 300 ofO0IGhi § Feceivas ashrmentecqhmand 3010d on path 302

Final |y o kt: w ap) P t he gain bl ock 352

corrrsgri sggd’t gegcﬂuopggrﬁe?%g?r%’?\egﬂf%%ékggigﬁ}(‘)lrﬁ%}é?g‘%oz and the PES on path
304 i s summedheicohtrohdiagfippsi FIGNS €aiiheedotnpfiRed a®bbseatdt @Rt Modsh U6 Shich
junction, 354 to provide an gQbserver error rr signal to the observer 306

To i I 1 ulikeWise seperatspdead pesition estimate Xest: diead yeloeily estinmte;Vest and-bias orce i s

d | j ' _ I tati h
posi 11 onsthee e G PG 308 10 AEF P FelRuhidly, SRUERER Teugiial ot Mugaer 1o
posi ti opositiomrefeeence XaefonglocitpreferanoeliVaef estl airrelft keferebied IEefROfialsl GpAAE N i S

I dentifi s the function f(Xerr) and is plotted in FIG 9 by segnented
curve 333& %@r%ﬁdc%ﬁoarrFWeCftlYFéY-position gain f(Xerr) is defined by the

en: < 195, i, WRLEIGES; YEGHboich SRRl 8 plion ke EREC Reet I o

| Cx1 whare priogided $0 @i smmneing gunctienr322s thzeduspetroft wisiclo comprisendl pasiti@ efr6a Xerr
broken 1. nel 362 Lfmﬁ%(:h _coé!;r’les onds to the nom nal PES distribution cut-off
poi nt- attd$<Cn7B3 heSipHlad¥ ntheeNeloptty ostimaje; Kest @pd the velgeity refersnee, ¥irsf areyw,
scal ar gajvidedabUsuntB i & ] | val ‘%@gn t he
posi ti og gr reor XesFr igi_égjr ggtgoélrﬁtaéa{ﬁ&tﬁh%hﬁﬁgfl ?’feﬂc au?ﬁ’rﬁﬁsr gsvglca?lcg;' e\/\{.lﬁlpc 'S
i-dént i-f igoalbyn patht328al , broken line 364 (and.is 15%in the present

le), with |lah bej. | i.n val ue which i ter than t
Soalor i HbweR 3RS ok Fie oD leat tontal Dl Fifiad: Srevariam ohEIG: <
bet weeng teffplaLdistiaeieasms 6Adiap R4 ontrof withBRAHIER Dafsmard (mce:v?ae posi tion

gain will vary in accordance with the 25functionfi(Xerr). Th nction
f'1 ( Xer r Pamtigulaplyy tpapsiticn anssvelegityesrpers dXery and Viext amrptokided so threasets k€ gain

| ' ' ' - th h f the f ' fi(X
Ore” B SRR e BN 6 SRERRoRl R e e
(@9 i n &tplain&g beldw eover, the values for .fl (Xerr) can be cal cul at ed

on-the-fly, or alternatively stored in a | ook up table used b?/ the servo
processor 156enerally, the first seét of gain blocks comprises a low position gain block 330 with

gain Kxl and a low velocity gain block 332 with gain Kvl, and are used when the position

error Xerr is low. The next set of gain blocks comprises an intermediate position gain block
334 having a gain function f,(Xerr) and an intermediate velocity gain block 336 having a
25 gain function g;(Xerr), with the gain blocks 334 and 336 being employed when the position
‘error Xerr has an intermediate value. As discussed in greater detail below, the gains of the
intermediate blocks 334, 336 vary with respect to the position error Xerr. Finally, the third
set of gain blocks are used for relatively high values of position error Xerr and comprise§ a
high position gain block 338 having gain Kxh and a high velocity gain block 340 having gain
30 Kvh.
The outputs of the various gain blocks 330, 332, 334, 336, 338 and 340 are summed
by corresponding summing junctions 342, 344 and 346 with the current reference Iref from

signal path 320 as shown. The outputs of the summing junctions 342, 344 and 346 are



30In a simlar fashion, FIG 10 provides a graphical representation of

vel ocity gain WD 98/ 49677PCT/ US97/ 17655 -14- (along y-axis 369) versus
posi tionwonsmeererr (along x-axis 371) for the control syspemusd7/fkss 8.
More particularly, the velocity gain |§3 _expressed as the function g(Xerr)
plotted in FIG 10 by segnented curve 370 and defined as follows: Kvl, when

0 < X Q L] 5% (6
Th:s, e[ Weg«fh%m )%aaﬂn(gggl@tg o a\sygéfgpen & u(%lgﬁ bgyﬁté%?réglg\r%eeg’f%%é%t [ on( )

error Xdbepeadihgwipon thevelus odlithe positiereetfor Xeohe nthe osrréspondiag 'one okahé A, B, or
bet ween Q% and 7% écorrgspondl ng to the PES distribution cut-off paint as
i ndi cat &d MRALS, Bl e passed iop suyBIngzpnction, 35Q; fr summation; witljthe blﬁ&\f@%cal ar

val e KRapERLEE APRALELIRN I fe uTprRE Taftioh 300 i pio A %‘Sﬁé@&%ﬁ"g

Fi n&l | y,cotimeandedigurl tty theyabserweir 1306 mdes alsmapryvmlgd vtah gainbleck 352 having tdatm

Funct i orKbriEh e, B ) EIER selFoixt 4 makl Bercinster Chasabistahctoth B GOVVER 30

gai n funRgti gﬁtg{c@geﬁmum boundary val ues of Kvl and Kvh, but can
ot herw se take a variety of forns dependi ng upon the application.
Accor di ngly, Elndl)canmkblbesymmedfthﬁltm: o8tpnt bf thepgimbbck S5@g-oniprises theont r ol

t h t t X t ] th
yst am Chrestt FamGnd 150 SiRaeS PR Atone HES g Brt @Aenéf%&&%? b s |
gengr al Ipssfkidhles .mm xesttfbefp’aaﬂm fosmﬁﬁﬂn%mch 334 %o gﬁh@ 1 oB! gvér*@r&ﬂ' ns

| Cx1 and Kvl w be applied ena ation
event HQQI'Ddlgmehththbang@valnﬁ%t of position error Xerr into the system

hi gher gains .ar | oyed to. .qui ce the pasjtjon. error, Xerr

oy el e e TSRl 3hE Dot oE Srel elridy STont AR 1, ToreineS s Al itk to
was fourriGt Wiﬁ'hﬁﬁl[ﬁro@lﬂ@s RrAphidal @éprgéeﬁﬁitl@ﬁ'&%@B&lil&ﬂgblﬂ%f the lﬂstem (along y-
mllisecond, 20g shock event introduced a position error Xerr of greater

t han 30%Kisfindicatedrai 9N wirhtrespset tsr mmgnyerr@anrre(\amsx-am lindicatek at BGl).

apptica h v Xe ) to th
S58 e T gy it WL B ol rich{XBRY bl Blgibe RIS Bl iR
posi t | Oorcugver B60. XPartict Ny, ithe positerc gahdXer) Svdﬁfmea' b thé ddlidvihy rélhtiéme
control systemin the presence of such shock and 25vi bration events, and

factors to be considered when s%dactl ngv,; vgrk ysspgsltlon and veI ocity
gain values wll be dis ﬁ%?rd k ;.,p 15% Referring (SpPW

i
to FIG 11, shown ther né ntr dl 0* Eﬁ? second preferred
enbodi ment of the pr esent | nve e g ‘Efo? Zgram of FIG 11 is
generally simlar to that previ ousl y d| scussed with regard to FIG 8 and
por ti onsi, tHeepdsRivn’ £lin HhddVaRef KtiGvhen the position error Xerr is between the origin

and a vertical, broken line 362 (which corresponds to the nominal PES distribution cut-off

point and is 7% in the present example), with KxI being a relatively low, scalar gain value.

20 Further, the position gain has a value of Kxh when the position error Xerr is, greater than the
write fault threshold, which is identified by vertical, broken line 364 (and is 15% in the
present example), with Kxh being a scalar gain value which is greater than the scalar gain
Kxl. Finally, when the position error Xerr has a value that is between the boundaries 362
and 364 (i.e., between 7% and 15%), the position gain will vary in accordance with the

25 function f,(Xerr). The function f;(Xerr) has boundary values corresponding to Kxl and Kxh
so that the overall function f(Xerr) is continuous; the shape of the function f,(Xerr) can be
selected as required, however, and can be straight or curvilinear (as in FIG. 9). Moreover,
the values for f,(Xerr) can be calculated on-the-fly, or alternatively stored in a look up table
used by the servo processor 156.

30 In a similar fashion, FIG. 10 provides a graphical representation of velocity gain



3011 can be readily inplemented in the servo processor (DSP) 156 of FIG 3!
WD 98/ 49677PCT/ US97/ 17655 - 15- As shown in FIG 11, an HDA (plant) 400

IS provi ' a current conmand lcnd i nput on path 402 | sponse -
ool giifosgrest

t her et o, Us a PES on path 404. An observer (plant no Ut put s
position, velocity and bias force esti4mtes (Xest, Vest and Best) on paths
408, 410 and 412. A reference generator 414 simlarly generates position,
vel oci t (Rlengly2xis J6M (versus positier STIOXXerT (alorg x-axts 31 fyr the qoatrhksystetn of 18

‘and 420 §18 itian error Xerr is deterninedfromthe .
posi ti on 2P rrlg? reeb es{nﬂ%rr%g’ @%Z‘Je%oc‘f f t%gghlsrcé‘?’éﬁs?ﬁic%s &F&ﬁﬂ%ﬂ’c&fgr@ PIOHRGE by
a sunmi BIG| Ldibyisegméited ciiive 3M0sdnd dafined a9 folkaws: | s out put by the sunmi ng
junction 422 on path 424 as shown. Simlarly, a velocity error Verr is

- determ ned at sunmmi ng junction 6 and ut 28 through the
10summati on of the vel %@(é# %S{f@}’ﬁ VWﬂ n%@gf%%fr%eg ?%'%y e eronce V@;f.
The position and vel oci y&ro ert, "Verr aré p I ded as inputs’to

two gain bl ocks 430, 432 havi ndévﬁosi ti BREMAG™ & c}gi %y gain functions

fx(Xerr, Verr) and fv(Xerr,Verr), respectively. The outputs of the gain

bl ocks 488, f8eRERy SHAEKRY i@déﬁéﬁﬂlxﬁga[p%ﬁ nfd ?ﬂtﬂwﬂ%‘k %ﬁiégté}&r%é&%% il

reference Iref from path 420 and t he output o e s junctron
i s 3t henhavgrsealdr yplug ks rwiliemgpgsitivnt éroor X&6 isvbetweeh® %iand 7% (coeresporidimg € Best

f 412 . as shown. As before. th f the summing junction 436
< T EES i SR pee 35 RkRlsd Bovehabrdsndime ). e elocaegin 400

inct o b T e R N e 1 8 Ry e 2 (Rb e 9

out put tof the hveritg fawlt ihreshiold: 49 indieapedi by merticale bookendine 37d)mdHinally; ke 2€lscignal
-on path._402... Ei nal | as before the PES is su d.wth the posjtign |

est Pmat gag il haye as%?%“%d aﬁfn ]?eino'?fe PRYJI0R GTIOF R}:}Eraés\,\%q{ws%zz\,@d g%@t”"‘(}ben)
sijgnal  the vehwit9haeat ¥ gKed) Beingherunedr bOhedMitioal fdrt Xerdai As batped itgos fx, fv

of the gain blocks 430, 432 are represented graphically in FIGS’ 12 and 13
and var iptermediateo¥glacity gain Kurationga( i hgschouadaty waluss iof \Kwd rand fevhydwut canver r .

-Referri gﬂi%ge;%ggsg%}%g{ gig(f]or}rﬂedeﬁgsdi}éé F}g%‘?ﬁ]iegﬂﬁ’ nction fx is 25represented

by curve agal ns &Tt}?ny-axi s (449) and an

x- axi s (451) Accortimgls thé cantesingybtemdof§ FIG:t8 willl @patd usidelindarWoh&hl teshiighdsned

by the fgl |l owing relation: g(Xerr,Verr) = hXerr + Verr(7) with h being a
const anVh¢t spll gmoynts of PositipRersXerr gFe presentdn the systan.ofThat @, duping ormal

115, CORERr Gl et S BEORIP A iy o S WS A3,
porti on(HIG. 9hand uhes gaidS Bxiviahd Kivl mhkk be applied.
' However, when a shock or vibration event introduces a large amount of position error
Xerr into the system, higher gains are employed to quickly reduce the position error Xerr
and bring the head 118 back to the desired control position. For example, it was found that
20 in one particular disc drive application, a 11 millisecond, 20g shock event introduced a
position error Xerr of greater than 30% of the track width. Accordingly, such events will
cause the application of the higher gains Kxh, Kvh and f,(Xerr), g,(Xerr) to the system,
which will significantly reduce the time required to bring the position error Xerr down to an
acceptable level. The stability of the control system in the presence of such shock and
25 vibration events, and factors to be considered when selecting the various position and
velocity gain values will be discussed in greater detail below.

Referring now to FIG. 11, shown therein is a control diagram for a second preferred
embodiment of the present invention. The control diagram of FIG. 11 is generally similar to
that previously discussed with regard to FIG. 8 and portidns of the control diagram of FIG.

30 11 can be readily implemented in the servo processor (DSP) 156 of FIG. 3.



range between the origin and a value of g(Xerr, Verr)=bi, as indicated by
vertical, broken WD 98/49677PCT/ US97/ 17655 -16- |ine 452. The boundary bl
gener al | ywoosmassponds to the PES distribution cut-off poi npeTassuiIsssed

previously with respect to FIGS. 5, 6,;9 and 10, except that the boundary
bl takes into account nominal distributions for both position and velocity

errors Xerr, Ase%l{ow HFFRS’ Silt 'a%nH%grlgrﬂ X&O o gronli‘ge&erl}h Q%Zlﬁ% eI gL V&},@%ﬁ

hi gh val ue for arge positidon an ors

t he por tinmn mpmaozm&elm&@pmsymemebhtpml a PBESQfepath 408, %obwrvﬁsmml ng
to a val ue ?)t Xerr, Verr)=b2. As before, the boundary b2 generally

cor r esp&Res Oytpyts POSILigN; VElReis AR Bias foxce estimates KXest. Ysst andoBesshen patbs

I t \{
curvi || HO8 0 ndLs, ARrerchtd Behotaol 054 RO PertBell BUIGH, WRASIERLC, |
gaif curumedtibfevehdes| (Xres VieP and Gref) on pathe 46 usriuncs20m1, 10b2 are shown in

FIG 13, pl otted agai nst  vel OCIt gai n axi s 459 and g(Xerr, X-axi s
fpr bt e

461. | tAYPgEpTE, @ R%B@Wz@d ERae dglerminggrremdhe Brikion esfimate Aesh AN thes,
8 and 1 iﬁ&ﬂ%ldl: %mé r Kk
foll ow og%ﬁerpfgegér}lltcgo E?}Jshkéehrr%e\%\nﬁ popIrlow |nr‘r:§p§\‘/"g% gﬂls clghm;le&rrglC
per f or rréfm:exs:lwtpungb)s theldunyningjanction, 422ebropath 2drasshewierSimikrly} aodlocitgt by

vi bration a shock eveﬁés t hat . cause . th F’?ﬁ(ectory of the heads 118 to

vary fr&Hh r(/é% ciprmngd gt Syraming WRctian, OufpULIk Path 2 thepugh the adi | y
cof(f ect eimhMioH B thd 3NGERy Efirhdle VRS AR amﬂy%@s Fddc¥ WBRENS | n accordance
with the foregoi ng discussion. Moreover, e recogni zed t hat

al t hough t he Tdemasisionsandt eehoaity dFtass Xm,eﬁpdrcn]s bethcprostided dis rinpisi e swé @aint he

be- erp! SYRHS 400 254 hiTE nertin ot YPeind elfpntton e Vorm ed bcomlem);
Havi ng geypetiwded trhe di'x'qﬁﬁyéﬁ uangm btdaﬁs asef £37 ad SR atsﬁmﬂimg b‘ﬁh Sent

invention, the stability of the control systemin the presence o
vi brati éa4ev/1§nt1@ cugwent fefetenes Ined ftom pathsd2@canddhevontpus of dmtsungnhﬂgqunetmmus

d I | d. 2
P eBbon 2281 p1ER Sfisbet RTA Soi g unon 3R R g AT RRrSS pointi® e oo oo

a si ngl @12 npuishovdl. NAlsebeforeP tic Rt sTURe Su Functio® 486 YR indiativé of dfe LT!)
systemvvlththefollovvlng state_equations: At) = Ax(t) + Bu(t) +w§t)(8)
y(t) = exgrent applied yo the aghptompaibel; tr@ianysPP) adas provided whiherpbseryer4emon

sensor Do ArnBodatl Or e SRR hel e E Tulhe P RRIOR T 3 SERR) O

descri bi equati a

conpl et ha‘émg %am KpntHechdtptﬂ of the gaidbisiocky 240 &)mpnsmg the current \ddiringhnd Idtrﬂl t al
controller and a_zero-order hold to provide a control input u, the

setflii varsignal em pathet02. ¢ Finallypaebelpee G RES isysummed with the position estimate Xest (at
summing junction 442) to provide an observer error (Oerr) signal to the observer 406.

The position and velocity gain functions f,, f, of the gain blocks 430, 432 are
represented graphically in FIGS. 12 and 13 and vary with respect to both the position and
velocity errors Xerr, Verr. Referring first to FIG. 12, the position gain function f, is

25 represented by curve 450 and is plotted against a position gain y-axis (449) and an x-axis
(451) in terms of a combined function g(Xerr, Verr) which is defined by the following

relation:
gXerr,Verr) = hXerr + Verr 0

with h being a constant (such as h=0.01). The position gain curve 450 of FIG. 12 varies
with respect to g(Xerr, Verr) and generally has a relatively low value for low values of
30 position and velocity error Xerr, Verr, as shown by the portion of the curve 450 within the

range between the origin and a value of g(Xerr, Verr)=b,, as indicated by vertical, broken



X(k + 1) = A dx(k) + Bdu(k) + wd(k)(10) y(k) = Cx(h) + v(h) where Ad = eAT
Bd =0 eArBdr Wil =eArw((k + 1)T - r)dr 0 v(k) = v(t) | = KT and T'is the

sanpl i ng i hosen such that the discrete-tine system ians (10)
and (11) v?égg?%g?cont rol |l abl e and observable. A sw tching '%Tr{ggdl‘}g'hésfgs

defined as a linear function of the slétes: s = G = G xd- x)(12) 10where xd
Is a reference input and Gis a row vector. A reaching condition is
used t olige4pantThe bauaderyi byt generallyfcoriespande 40 the BES -distiiblition ensadf pdintt i s,

under t ' ' C 1] yste tates shoul d nmoye to the
sli di ng Hgﬁ'?#%‘g gréo"r?&uﬁwS Witn féﬂn%g? #?gg’c?ﬁ%n‘?a"?&“ﬁ@t ‘?"éEFP‘p‘f}FWF‘e ﬂ’r?“P‘iYPéY 2’11 Aikes
space aimio avestint abinynat diswétgiont dort bethPos#ion ah@fveldcity Refosd Xt 0pdt, T the
sliding surface has been chosen as a 15stable manifold. The foll ow ng

r eachi nOHBORBRIMGNIYe 49(% Biythes s 2 relptively highn yalpe for- largeapasitjon( ag) velbitye K i s

a Sit] n e f.ar t C rol._qgaj or _the contro] syst n
B0 o B RBRE Ve S Bt B8 roRfor BE A Hun 3N hefont AERTRY Rkerbliis AR ¢
a posi t toreesponding o aredler sfeg(Xedr, ert)reb,t hiae eRsis, O Hobﬁdzhgqi% hétallpyer, and
sat(.) is the saturation function. In W) 98/49677PCT/ US97/ 17655 -18- order

to makeCPRESPERdL Ity Walle fatlethaeshpldcin torms of bethapegition apdevelosiiyemroradlerthat 0

S5, B, e i fin AL 459 ST ok bl B0 5,

al so at #54,cdsi shewnHoesmailar egloCigCgdih @uprey4Gewmiphnmes ub2 | 464ttt the budidaties ,,

undesi rabl e due to e potential for exciting unnodel ed dynamcs in the

din]g)c dr Pxare shown in II‘IE 13, p?otted against velocity gain y-axis 459 and g(Xerr, Verr) x-axis
461.

It will be recognized that although the control systems of FIGS. 8 and 11 have been
generally discussed in terms of operation during track following, the control systems will
also provide improved disc drive performance during seeking. That is, velocity errors Verr

15 introduced by vibration and shock events that cause the trajectory of the heads 118 to:vary
from the velocity profile established for a seek can also be readily corrected through changes
in the prition and velocity gains in accordance with the foregoing discussion. Moreover, it
will be recognized that although the control system of FIG. 11 employs second-order models
for the position and velocity gain functions f, and f,, higher order models could be employed

20 (further including, for example, acceleration error, etc.).

Having concluded the discussion of the preferred embodiments of the present
invention, the stability of the control system in the presence of shock and vibration events,
and factors to be considered when selecting the various position and velocity gain values will
now be presented.

25 As will be recognized, the operation of the disc drive 100 (FIG. 1) can be modeled as
a single input, single output continuous linear time-invariant (SISO LTI) system with the

following state equations:

x(f) = Ax() + Bu(t) + w(t) ®

Y@ = Cx(@® + v() )

where x(t) is an n-dimension state vector, u(t) is a scalar input, y(t) is a scalar output, w(t) is

an n-vector disturbance reflecting external and internal uncertainties and v(t) is a scalar



100. The reaching condition of equation (13) has several advantages.
First, it describes a direct relation between s(k +1) and s(k), thus making
it easiekyd gg/4lR% ve the control |aw Second, the saturati opcf/ygiihéss can be
used as a sinple and effective way to.reduce both the 10undesired
oscillation in the reachi ng phase of 'il le DSMCVP and the chattering in the
linear region. This will be discyss in greater detail. bel ow . Usi ng
the pr cYEGACHIIENS SEHIOF B8R 1y BRAIG Al UREDE Mafiosn of EBproPEialssfimeasiony
equat i oggsckibihl tﬁ@@?'itéﬂl)of' hmcﬂﬁt{g bl (4)lahl BEdeSQA VBNE}i®komplele Bie/eS the
following control Taw u(kK) = 1(J ((1 - n)l - A d)x(k) '+ nxd(k) + Ard(k) -
wd( k)] <¢amxdllablejandt gbserviable).. (i) (14) 151t will be recognized that the

di st ur bance rm i.s.unkno so it.will]. be replaced by.an estinmation
term Wd(k) ?‘Jﬁmgr \Agﬁﬁ%ﬂocodﬁrtogleﬁ al\éwP@gﬂ'gré%%o@ott‘?tm&”gfeMODEL?XIHHé’f W §#fen only
past i al effivdl@ft dceetdRM hvdkEls givenOBser ver (such as the observer 306 of
FIG 8 or 406 of FIG 11) is necessary to estimate the full states. Thus,

the control |aw becones: u( = {(GB) (15 - f (k) + nx d(k)

d(k) -'d(k)1 + Ksat (S(k1- 0)%%‘1%)1()\/\%3}!%&2(1)30’)4}‘)@(*%2@8- R(K)) = esti ) o1
of states. WD 98/49677PCT/US97/ 17655 -19- states in the control |aw of
equation (15), any conventional observer design, such as a Kal man fi Iéﬁg
can be used. Enphasis should be plicedCx(ibwevé), on fast convergence

good noi se rejection performance. In the preferred enbodi ment, the observer
is of t{% elleuenberger type and is described as follows: 1(k + 1) = (Ad-

LO i cs( fl + B(k) + Ly(k)(16) 5with the estimation error dynam cs given by:

(=]

A = el

T
’ j T

&
I

.3
1

T
: J e w((k + DT - 7ydr
v(k) = VO, = g7

and T is the sampling period chosen such that the discrete-time system of equations (10) and
(11) is also controllable and observable. |

A switching function is defined as a linear function of the states:

s = GX = G(x,- x) 12)

10 where x, is a reference input and G is a row vector.

A reaching condition is used td guarantee the existence of the ideal quasi-sliding
mode. That is, under the given reaching condition, the system states should move to the
sliding surface or its neighborhood from any initial point in the state space and eventually
converge to the origin (or its neighborhood), as the sliding surface has been chosen as a

15 stable manifold.

The following reaching condition is used:

stk + 1) = (1- ps@) - Ksat(%) (13)

where K is a positive number referred to as the control gain for the control system, 7 is a
positive number determining the response in the reaching phase, ¢ is a positive constant

referred to as the thickness of the boundary layer, and sat(.) is the saturation function. In



z(k 1) = (Ad- LC) z(k) + wd(k) - Lv(k)(17) where z(k) = x(k) - The
stability of the control system can be shown as follows. First, assum ng
t hat the ei genval ues of (Ad - LC) are chosen to be inside the %?)Hz“gi rcle,
then the VPP B(E tine system of equations (10) and (11) Jifdiéys ontrol
| aw of equation (15) using the observé$- of 10equation (16) will have the
follow ng properties: the sliding surface is asynptotically attractive if
t here i 9rdes tomeaketthe skiding surfacenastractivei Ke:n aivhe are chgseh sochathak 0- <>K0€ f
wd( k) :andang v(k); = 0; and the sliding function (k) wll be bounded if
wd( k) an v(k)"are'bounded. Next, assum ng that the eigenval ues of

- (Ad - LO) ar @ wlibBerfedognized ihis$ il dntiep Wit ¢hoséd Silch Midp tAeK skizh g sy gee
is determ ned such that the equivalent dynamcs: + 1) = [Ad -

( Bd( GBd)< Pthen theslidingiwyfage ihalse attrartives kloaiensr, -anyqskillatory respahsecwill kesnltt he

cadat o IEF BRI AR b ) Rpitng Wbt avhafisS HM st BllPng

propertil®3. First, it will be asynptotically stable if there are no
uncertainty and sensor noise; that is, 1(k) -> 0 as k ->cc if wd(k) =0,
v(k) = 0. ~ wbhogeachgereanditionoot) eapation (13) hapsevsrali adyhstagesh eFisgnitrdsiscribay 2of
equat i oR; ks o} ' C .t ons.: . = LI e < ethb
<= sk atn PSRRI AP shd'§0. b el RaSkiL! Bferik s cldiiiBy e - <
ea) (eenpedénd, K, daturatiGvfiartion zae bb usedahe8implé lind sffeftbreewsy tsredlice Bothahe

ek, is a lLower baoundary (such_ as the lines 362 in FIG 9, 372 in FIG
10 undesired oscillation in the reaching phase of the DSMCVP and the chattering in the linear

region. This will be discussed in greater detail below.
Using the previously defined reaching condition of equation (13), substituting

equations (10) and (11) into equation (13) and solving for u(k) gives the following control

law:
uk) = ——I—(G[((l - - Apxk) + nx k) + Ax k) - w k)]
(GB))
+ Ksar(5®y). (14)
¢
15 It will be recognized that the disturbance term wy(k) is unknown, so it will be

replaced by an estimation term W,(k) in order to obtain a realizable control law. Further,
when only partial states are measurable, an observer (such as the observer 306 of FIG. 8 or

406 of FIG. 11) is necessary. to estimate the full states. Thus, the control law becomes:

uk) = L _(GLA- I AQRE) + nx k) + Ax (k) — W K)]

(GB)
+ Ksat(ie%)) (15)
where
$(k) = Gx k)~ (k)
i = estimation of states.

20 To design the observer (such as 306 in FIG. 8 or 406 in FIG. 11) to estimate the full



5°10, 452 in FIG 12 and 462 in FIG 13), e",, is an upper boundary (such
as the lines 364 in FIG 9, 374 in FIG 10, 454 in FIG 12 and 464 in FIG

13) and Iylo odtde71l, L2 satisfy the conditions described abavigusstihessespect
to equations (17) and (18). The_pgnner in which the control system can
be preferabl y i npl enented will now be "di scussed. As provi ded above, SMCis

wel | I ts, robustness ndl i 10 ai nt | s However, the
Fobust e i heyqebieaf R b ERRubR ShE) S S RS it SRt B Bacontrol
| nput IKthi"ﬁB' RN EAIbE Qsed. NERiphhsis Slioudd ba plRed, hovidves oW Fish @ofiveeguieoand -
conpared to the plant dynam cs. From cl assi cal contr ol t heory, t

chat t er§a9g nsissHeiastiph pm@cgctmhﬁ prefemed gmbpdimengcthe mbswvgthlsgaf thecont r ol
propertﬁue%g?lggpgyég tﬂdﬁs%@%ﬁﬁ%ﬁr}g%ﬂ ‘gpd such problemis worsened as the
r

sanpling ta eases ow'ng equations describe a double
i ntegrator plant nodel for the disc drive 100: PES(k + 1) = PES(k) + V(k)

+u(k) 2 V(k + 1) = V(k) y#!(ptp)(k)wm_tmgﬁ bej )tm%},@?smlon error sqgpal
[ t

(i n tracks) and V being e vel ocM“y of sel ead 118 (in tracks per
npl e). The coefficient Kr, is given as foIIows = K2 = KIKIKE, RT2( TED

T V\D 9 967 S 21- ransconduct ance Amp Const ant
?rps/v‘g )léh lmg{l8qu%ré)/r(fl<7§'g‘g%"cstgl¥ _P%e inches/ anp) KD = Denodul ator Gain

(voI ts/track) Ra = Arm Radi us | nche”% Actuator lnertia

(ounce-inchesl sec2) T = Mkt date & QW@ perild-(2¥E) TPl = Tracks ®&

Inch (tracks/inch). Then, the plant nodel (in state space fornm) wll be:
x(k + ]\)Jhe:reA( k) + B(k)(22)

2(k) = x(k) - X(k).

The stability of the control system can be shown as follows. First, assuming that the
eigenvalues of (A, - LC) are chosen to be inside the unit circle, then the discrete time system
of equations (10) and (11) under the control law of equation (15) using the observer of

10 equation (16) will have the following properties: the sliding surface is asymptotically
attractive if there is no uncertainty and sensor noise; that is, §(k) - 0 as k - o if wyk) = 0
and v(k) = 0; and the sliding function §(k) will be bounded if w,y(k) and v(k) are bounded.

Next, assuming that the eigenvalues of (A, - LC) are chosen to be inside the unit

circle and the sliding surface is determined such that the equivalent dynamics:
Hk + 1) = [4, - BLGB)G(A, - (1 - g»mf(k) (18)
15 where
Xk = xk) - x(k)

are stable, then the discrete time system of equations (10) and (11) under the control law of
equation (15) using the observer of equation (16) will have the following properties. First, it

will be asymptotically stable if there are no uncertainty and sensor noise; that is,

k) > 0as k> o ifwik) =0, vk) =0.

20 Second, it will be BIBO stable if wy(k) and v(k) are bounded.



y(k) = C(k)(23) where [PES(k) x(k) =Ad = V(k)], 11 Bd = 1], 1K /21 [0

Kpt], Cd =[1 0]. The augnented plant nodel including a bias di'sturbance

st xa( Kyl dglaogr*(K) + BO(K) (24) y(k) = Caeva(k)(25) where. . 4co717655
-20-

Accordingly, the control law of equation (15) is stable under the following conditions:

K=K,L-=L, when e < e,

(e - eu,)(Kz - Kl) L =1 +(e - e[b)(Lz - Ll)
(e,,b - elb) ' (eub - e,b)

K=K,L =1L, when e > e,

7 =0 when §(k) < ¢

K =K+

1

whene, < e < e,

where e is the error, e, is a lower boundary (such as the lines 362 in FIG. 9, 372 in FIG.

5 10, 452 in FIG. 12 and 462 in FIG. 13), e, is an upper boundary (such as the lines 364 in
FIG. 9, 374 in FIG. 10, 454 in FIG. 12 and 464 in FIG. 13) and K|, K,, L,, L, satisfy the
conditions described above with respect to equations (17) and (18).

The manner in which the control system can be preferably implemented will now be
discussed. As provided above, SMC is well known for its robustness in handling
10 uncertainties. However, the robustness of SMC is maintained only under the assumption that
the control input is implemented continuously or at a very high sampling frequency compared
to the plént dynamics. From classical control theory, the chattering problem in SMC is
actually due to the inherent high gain control property of SMC within the boundary and such

problem is worsened as the sampling rate decreases.

15 The following equations describe a double integrator plant model for the disc drive
100:
Ky 19
PES(k + 1) = PES(k) + V(k) + T”u(k) (19)
ik + 1) = V(k) + K uk) (20)

with PES being the position error signal (in tracks) and V being the velocity of a selected
head 118 (in tracks per sample). The coefficient K, is given as follows:
20

pt P

K =KT? = &f"&TZ(TPI) (21)

with

L}



PES(k) 1Kp/2 xa(k) = V(k) [ .[1 Aad 01 Kptl, Bad = Kptl, Cad = [1 O O].
. wd(k) 001 O 5 From equation (18), G should be chosen so that the

cl osed-| omposyssrem i s stable. It has been found that for arspUSYHi76s5der
system one ei genvalue of the controlher is {1-(1(45)) and the other
eigenvalue is the root of the equation Gx=0. Fromthis, it wll be
recogni zed that the well-known separation principle applies. Therefore, the
ei genval ues of the cl osEd=| Bapsdadygurra dinp|l Chretannpmpelbollf ei genval ues
fromboth the controll X, anforghe CoasknY CbuncéPimbRespdmmp)a vari ety of nmethods
that can be enpl oyed i'KtQeDEﬁb&dléﬂor@&hQ(@?ltﬁﬁ&@czer, the final paraneter
optim zation wll [i kelk‘z re #r'zrlfadlsu%n&né[hre.'v)a and érror, as sufficiently

J = Actuator Inertia (ounce-inches/sec?)

T = Multirate Sampling Period (sec)

TPl = Tracks Per Inch (trackslinch).

Then, the plant model (in state space form) will be:
x(k + 1) = Ax(k) + Bu(k) (22)
y(k) = Cx(k) (23)

where
| K /2
x(k) = [PES(k)] » Ay = [1 l] » By = [ ’ ] C, =[10].
1403] 01 K,

The augmented plant model including a bias disturbance is:

x(k +1) = A x (k) + B, uk) (24)
yk) = C x (k) (25)
where
PES(k) 11K,)2 K,J2
xk) = | Vh) {,A4,= (01 K, | B,=|K, | Cy=1100L
w k) 00 1 0
5
From equation (18), G should be chosen so that the closed-loop system is stable. It has been
found that for a second-order system, one eigenvalue of the controller is {1-(K/¢)} and the
other eigenvalue is the root of the equation Gx=0. From this, it will be recognized that the
well-known separation principle applies. Therefore, the eigenvalues of the closed-loop
10 system will be composed of eigenvalues from both the controller and the observer.

There are a variety of methods that can be employed in the initial design; however,

the final parameter optimization will likely require some trial and error, as sufficiently



WD 98/ 49677PCT/ US97/ 17655 -22- accurate disturbance and noi se nodels are

not generally available for disc drives. Mreover, it is inportant to

mai ntai n_certain performnce characteristics within the |i j_on, -such.
as phase"‘ﬁ%ﬁ“’fﬁ‘?i’ﬁ?7 gain margi n and sensor noi se rejection, 5%53?&%3% hose
of a traditional linear controller de¥-gn. This can generally be

acconpl i shed by numintaining the sane 5crossover frequency as that of a -

| i near wSHIAt®Hisarbagce rand notsgtinpdglswaneiay geherally amaitable fosydisc drives. Mavéavgr,

oo A P s S A
| Mpr ov eAepHiaSe infhr SO @hindaroyh BAdEMROr HEiSHBJERioN simibe t8'tBse¥ratridifiomal

variety of conputer sjnulations and experinmental neasurenents from actual
di sc drlineas controlieridesiga. cBriy car geneanlly be acgomplishedoby anaintaining thesameNVCVP

coat 01l AL i RIS s S PRg LB 055 ol st o

(y-axi s 501) Hueihgwontlud®l § MisadstonS6f3the infanhes ROWARhitBe Preféréd embddiments of
m | lisecond, 20g shock input. Mre particul arlg, curve 500 corresponds to
F

the postheinseseat HyentiQn} gar by advaatageoysly, inaplemeried coxampdescafr impregements ifesponds
to the |t aer s f dHSVEER r N El G

14, t he&?ﬁ%%&&&%&{x&l{ ﬁ%ﬁé@sﬁ ‘?r%lxl?é;ﬁr% excur siaoggﬁﬁ%gtggl:hf) ?(gﬁ s@?ﬁ%ﬁbr&}rng of
about +epaiardtal 2Usntmens dikorh actubheist idieed ublfihg aldoaventivaslPieas coftrolBri NuM
excursions of about +13% and -14% for the DSMCVP controller. Using a wite
£ 401t t Mdethn IPIMETVE sontenlleqiof dhpspissenb iBNeAtiont can be seen that the

occurrence ty 40 LA Is ¢ At ul.d.r | he
ool ar ati on_ SpreBf BRR, RBP4 WidAPRrgf il £ RGN a0l B beelol
DSMCVP puasitioroérrer Xemi (ytadinS01)herqesine ¢aaxis 1508) Heresporst o sifige i te faul t

t ol erance, .band, FI.G 15 shows a graphical representation of the

aver agem#lisacrad 2Qpmshack dapw (Mpreearticylyuy, curve §89 coapspeads torthe posiignsersery)
inres L in an
i ol ey el RORONA B SIAYe HOELTe BbukOlo o poflioh (RS Ky e
29b6adi aDSMYEVP contrallerot As ishomih iml FIGc 14 othe (shoek ¢vemb inducéchmazinnam @kcursionsli scs

108). Curve, 504 t | | traoll d 506
cort espthRISiia ST BENUBTOB TR ard 10k aEck Aer B gheef RomrQUR sommpafed

peak er foOhafitunt BEcdrtiBRABE §6Ht 1019 % TanhS 184086 S DANICYPEIRRBIIENE URRRKa 1 T OF
for the DSMCVP controller i's about 11.6% Finally, FIG 16 shows a

gr aphi cwrite fayttetheasheldi afnt: &5 %t asedisduissedaatiovpoitican da seen that Her occBOegceasd he509)

versus fireguency. (x-axis.. 511) for a conti.nuous vihbrational input of .

const antOERSPRE Akt s Oy wBpCRHE I Hhe e b Riaar i el s s
H20 Cur Ngeab@8neéliare wierdds thed DSMCVP itdafrol@ ihidtdi®y the HOREIBH @rv X &t wrichi® 10
corresponds to the DSMCVP controll er response. It will be noted that both

of the ®arwidle fapig tolsrepce bader ge to a WO 98/ 49677PCT/ US97/ 17655 - 23-

m ni nrum val u t | | [ vidrati i t 120
. The 1 easoiCr bF Shdibe 2 Biuplal Echr&hai3R 37 Wi hitafbel ot iBlon R4S X8, e
di scs 1@8ax¢ 565y wirads tmal(xaRBESD7Yfin 7edPOngeerd Ol (UepetitsvePdiocKinpiite of BbthCl
corresponds to 120 revol utions per seconcR@hand enpl oys repeat abl e runout

conmpens®@iliisgcopdc A0 ian axal directign (ke alnajalleh dmkhe; axig plothgdiscs J08) and 28
25 radians/sec? in a rotational direction (i.e., about the axis of the discs 108). Curve 504

corresponds to the linear controller response and curve 506 corresponds to the DSMCVP
controller response. As shown in FIG. 15, the peak error for the linear controller is about
18.4%, whereas the peak error for the DSMCVP controller is about 11.6%.
Finally, FIG. 16 shows a graphical representation of the offtrack position error Xerr
30 (y-axis 509) versus frequency (x-axis 511) for a continuous vibrational input of constant
amplitude and a variable frequency from 40 Hertz (Hz) up to 600 Hz. Curve 508
corresponds to the linear controller response and curve 510 corresponds to the DSMCVP

controller response. It will be noted that both of the curves 508, 510 converge to a



SConpensate for repeated position error frequency conponents of 120 Hz

i nduced by disc misalignnents. Accordingly, external vibrational inputs
correspon seuoey t he rotational frequency of the discs arecauwsyatéssal |y
conpensated for by the disc drive 100,57 _Neverthel ess, except for frequencies
near 120 Hz, it will be recognized that the DSMCVP control |l er provides

Soor A R At Y R B CSORACTP RRALIRGRLAY SO MR T

di scussieason fot this Iconvergereedg mhat ahe disaidrivhd 0prrefacssrthel disebad8 meatrstacibnilhe
present vj de si nlflcant advant ages qver the prior art.
Part i cmpa?@/ 99 %‘ﬁﬂrﬁ&s S@Sﬁ%} te {Whigh, qm&&&i’%ﬁﬁﬂé@ rgmigte%rme&se?m éides

intra I onse
char acr IER kepbatible sindis compRhoiiofl (BhaidiRy 3k af petr A aldutl f ¥ GPP
drb ?/es coﬁtpenkaée gia;mmpeatech positibe epter ffm:quuwye:oiulim):ne?(m l@lf 1120 &fzs mdilceiﬂ by(cj didci _\ées

i ke conti nye to .deqgrade
wion 7 eRaligRes, *Atsendiidhy eftomal; orstiohaloppisiRoFEARONERTE foathe SHatGRAls ch
cont r ol fr&fidncy BF B! dibdiPire Tafinditically ch)mbélﬁa@@f@/ y ‘E&n&l@f’ Id}‘l% 16b. the present

I nvention, a'disc drive designer relyihg on traditiona I near contr ol

t echni dﬁ@@rtholsrlss:l Q;emtrfar lfgcqhmstmaz 020 dize aswilt he renpgnized dhat sy DSMCVP

i nformati on on the or.der t i ntain adequate shock and vibration
65 pondoTERUP R KeS SRRy igwrovsH Vbl deSionh PereniRgRs opPoit Cr
cegrse,p rguiggd%? AP BRI Ul aD e Rflel Y decrease the overal | user data
storage capacify of the disc drive (as nore servo information is added) or
woul d gener alnl yewrufﬂhaﬁweg@egchs%s@n tlhmlﬂbc\recqgaszeddhhttthopsdfem:dscs and

o Tbrgiment B hd Gescrd itpendoR olotifle sBRTaR alyahBd SR It bt ot ne

Pr esentpirAvaRHY, OﬂheIDSMU\EIE t&strdiRr ail1aRBGh Aol Ste 30BstAR{a WbréAREs iTRAK HéMbi
vi bration and mechani cal shock response of a system providing positiona

cont r ol While stilt praviding clsblyw,st: shepkj ang ‘dbsa@petreswnmclurammﬂglcsm@ewclbhc requixedt h

el cui it S0k BEbeSddgs' .7 BGPA0COR b B Tt i BRRErRER EBREl iy oF"

300bj ectisd gtieds aﬁplayiﬁgaﬁhdldcﬁmpimearchomonéfs WeilIdRly cdhtiue @b \degratié Guith
i ncl udes position error circuitry }5&5\ such_as 322, 4222] whi ch determ nes a
§

posi t i JACIEAsES rin Xeaek dﬁmty\/alrur:émc rent Hmilghons of sushicontrollersch as 330, 334,
§<38 and 430) 4pé %1 n%ﬁof? of & BEM‘C\‘?P% hx'trﬁﬁ‘ergcﬁ‘ e &)gis&}ﬁe nRSRidn Q' OE ror
err, the varrabl e oSl galn vary mag ni t ude

the WadrB&/ d’&fg‘ﬁé’f’ﬁ[ﬁﬁ@&ﬂ ﬂﬂcﬁﬁ&la-l Zlfhearpaﬁitﬁoll cethaiques waald generally have to
A28| tianal I , velocity error, circuitry (such as 326, 426) .determ nes
oci tHcres 'ihe\?@}qunaﬁ‘a sepyp iinformatesn ot the,diges v riercie malptain adequate @mk 336,

340 a“dﬁ 3Abra BH' f%ﬁeﬂ: r‘!lﬁd%é i&icy §h ;ﬁ%hﬁ of &Efegfésqﬁttﬂ\%k"cﬁbﬂﬁéé y (ﬁrcroﬁfsev‘iﬁéh

In the rst |sc I ment, e varra ocity gainis
functi cm approdeh wadd tgenerally decreater the onbratlassr datatstoragee capadityl of dieodiecd drive

(as more servo information is added) or would generally increase the cost of the drive (as

additional discs and heads would be required to maintain the same user data capacity).

25 Accordingly, in view of the foregoing it will be understood that the present invention
is directed to an apparatus and method for improving vibration and mechanical shock
response of a system providing positional control of a control object using discrete-time
sliding mode control with variable parameters. In accordance with the disclosed
embodiments, a servo circuit (such as 150) is provided for controlling the position of an

30 object (such as a head 118 of a disc drive 100). The servo circuit includes position error
circuitry (such as 322, 422) which determines a position error Xerr and variable position
gain circuitry (such as 330, 334, 338 and 430) which applies a variable position gain to the

position error Xerr, the variable position gain varying with respect to the magnitude of the



enbodi nent the variable velocity gain is a function of both the position
error Xerr and the velocity error Verr. An observer (such as 306, 406)
gener at es_he sition and velocity estimtes and a referengc rat or
(such as 3}%49%%3%2) generates head position and velocity re?ngjﬁgﬁ@.%s OFor
purposes of the clains, the term"cir28itry" will be understood to cover
bot h hardware and software based inplenentati ons. Mdreover, the term

"si gnal posifidnt etyer Xeder st ood to cover a digitally expressed signal as well
as an anal og,sj.gnal . .and the term. "nagnitude” will be understood as the
val ue of suclﬁ*dgﬁlfﬁ“@‘l-‘( aY QT U CERILY §ich 23346 ﬂ%g)a‘ilﬁif‘i“ilﬂﬁsea YFlogify: KITQR
anal 09 ¥efiN@ld vakRible Wibtitygaifi BRIty "@hch A€ 392, EFRNB4DWMAMUILP Appifes Wl driabl
adapted to attain the en(iksjg?and adlvlglnﬁa%es nent’l or’leé as V\BF? gﬂé those
i nher envelpeiy gain tog velogitypersgre Mty i tiedlinse diselotrsdembodimieat thegariabdscr i bed

for. purpgses of. t.his. discl re, .numerous, changes may be made which wl|
el 1y PR tiniin armebi o Bro DR SRy Pty Wit T e SRR os e
enconpagmpedibient fiR wRiablet veddcidyngain £ Mirdceidn @f boliPBR bodtdnagrdtckimafdite t he
appended clains. _20 Mreover, although the preferred enbodi nents of the
pr esent V§IAGBhETh Vi§Bve been directed to disc drives, it will be readily
under st ood t hat I IRV i r i |y . I
syst ens wher %ﬁno%gﬁgﬁt(%ﬁ%%tﬁogbtg Bé)sg%gs ?‘?si %ﬁé’d’%g‘gbé & g)r&{?gér}o gerszlﬁ]ﬁ%té:l%d a
cont r ol reféreaces genevatoi (suvh tas 31404 PH/ gebratdsGibal/positidn GhE veRRity GERtdikes.

1. A servo c'i:rcuit for thEnSi ioning a contrql object using discrete-tine
S!llodi ng nodetEHRPIPGFCS P e F: .ébeé (B afEERiY, VEBrPﬁr‘l@FFFg(?Odp'@squtho@yror
Circul ! haraate il StfWar tASH I BmEAth@ns!Y MBrRBLOMHE thith PHEnfORilIGe 0PI et
and 5position error gain circuitry, responsive to the posftion error

ci rcui t ngdersthod ko agysiriacdigialipaeimbdsed pigpak asoweld as antanalopgesigms and dre termor ,

t he varjabl e posi t.j,qQn i n varyi i n agcordance with the ni tude. of the
posi t i on&FMaie wil1 be ‘%‘%el:lsﬁ(@ s%gr\?‘g véR‘rec iSchp ‘@F‘éﬁ\i\f% ?ﬁpr?sﬁ?ﬁ‘gf‘al fsing:
10obser y@plitide Gfishély af) aRf6@kignal. an esti mated position of the control
ogjysect; and reference generator circuitry generating a reference position
f

t he cont Hovilbbg elear thah tiechrasenh énveotion isowek ndapted ta attdin the elatsaandi nes t he

N Tobg obn fockn cwiscdi nes ¢
Cont r of "fipiebs bEaliSRACRGA B WGe Fhler g Bitafil vl L RS BREEIRE, .

posi t i oembedimeaphhs Beknhdeséritedpfos ipuipwse£of this Btlos\e [ atintrons ChATes 368 Be | ow
gai n val us f?‘é l_Eosi tion errors below a first threshold, a high gain value
for posMapervhich wilk readily sugsest themelves &2 Higsel skillad) in theadrt aBd &VIHEl &Fef unct i on

for posghdopipha8leliGhthd SHiE SR tl?]é“ﬁxvfeﬁr)]tﬁoﬁllt di8616scachRnd dctﬂirn@% he ltl@ﬁ\})fﬁﬂ@&ﬁélﬂilﬁé?e

high gain value is greater than the |ow gain value and the abl e gain

f t i oMaresvepoaitabugh the preferr&d embodigratsddfinte tpoesehicinventicnbhviei ghn gliteated to
val ues. disc drives, it will be readily understood that the present invention can be readily extended to
other systems/where;in a control object is positioned by a servomotor under control of a servo

circuit.



4. The servo circuit of claim3, wherein the control object is a head of a
. disc drive, wherein the first threshold conprises a nom nal position error
cut-of f pwonk/sserdi cative of nominal position error for thepdrasomriss®e in
the absence of external shock and vihpkation 25inputs to the disc drive, and
wherein the second threshold conprises a wite fault threshold for the disc
drive. Claims: ©- The servo circuit of claim1, wherein the servo circuit
further—conprises: velocity error circuitry determning a velocity error
with respect to the control object; 30and velocity error gain circuitry,
responsi ve t% t he wvel ocity .error clrcuitr%, t he .vel o,cit(ﬁ VO | 1
98/ 49677PCT/ lisg7/ f785¥0 cguit for pesitioning ac E‘&?ltfﬁpe%'ﬁlnﬁi Seretetime slidipg
vel oci t yo@RicBnir& Wi vARhBIE iga¥anfdt&rR! cotipsigs | abl e velocity gain varying in

accordance wth the magnitude of the positron error. 56.The servo circuit

of claimb5, pbstien erroheireeitryadetermining ai positiye errerdwtith irespact tp theconrtsoMobject;
respect to the maﬁnélt ude of the velocity error. 7.A disc drive having

i nproved vi brati of™nd mechani cal shock response t hrough t he use of
digcrete-ti bl - | I ; t Bayi lve
10conpri si ng':S oihgﬁei F{/}gr glg ?l?dfc?ﬁ%?le%%&sl% ?Fggiﬁgpgﬁtﬁ%}g%&gfkﬁﬁ?% ?@u Lgir ?@ég\gmiat h
respect to tracks vardblegdsiion gaindodhe pbsitioh stronf the hvaridble oditionegain Marying vo

circuit conprising: position.error citcuyit determ ning a head position
error with respec&Jn ?‘8“’ %?évd&e eﬂwgﬁﬂﬁﬁ‘fﬁﬁ’ég}q‘iwrﬂror gai n
circuitry, responsive to the position error circuitry, which applies a

variabl e position gain to the head position error, the variable position
gai n varyi ng2wi t h The sp@et circyitt ofeclaiay hi further gemprigingead position error.

208. The disc lve of . claim7,. .wherein the servo gci.rcui urther _conprises:
agl%obser ver Sgsrr? ¥ tcﬁﬁzgﬁgﬁg%%e{?% %gsﬁ]&qt[?qe%mb?n ?ﬁ@ehcé’gh,of gfér'ﬁaa aPéf erence
generat or gepsgeRhidgerertef erranerz de@éiatin®n referérte posiidn fdhﬂieettdhufo'ﬂ%b%@ﬁ,l tion
error circuitry determ nes the head position error in response to the

estimated and ref StheriR theoResitiain@rTer Cifqiitry dgigrmines the position error in response to
the estimated and reference positions of the control object.

15 3. The servo circuit of .claim 1, wherein the variable position gain applied by the
position error gain circuitry comprises a low gain value for position errors below a first
threshold, a high gain value for position errors above a second threshold, and a variable gain
function for position errors between the first and second thresholds, wherein the high gain
value is greater than the low gain value and the variable gain function has boundary values

20 corresponding to the low and high gain values.

4. The servo circuit of claim 3, wherein the control object is a head of a disc
drive, wherein the first threshold comprises a nominal position error cut-off point indicative
of nominal position error for the disc drive in the absence of external shock and vibration

25 inputs to the disc drive, and wherein the second threshold comprises a write fault threshold

for the disc drive.

5. The servo circuit of claim 1, wherein the servo circuit further comprises:
velocity error circuitry determining a velocity error with respect to the control object;

30 and

velocity error gain circuitry, responsive to the velocity error circuitry, the velocity
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25 9. The disc drive of claim7, wherein the variable position gain
conprises a |low gain value for head position errors below a first

t hr eshol i gain value for head position errors abo

t hr eshol gfogsﬁgﬁgﬁvari abl e gain function for head positi on\ﬁg:r'lﬂg)s?%g‘gﬁltggeen t he
first and second threshol ds, wherein-3he high gain value is greater than
the | ow 30gain value and the variable gain function has boundary val ues
correspondi ng to $THY SN CHAVILYi PRIYIRE A vaHRble velociy Bain @i the velocitk of cl ai m

o1 4967 7PCT] Uso7) Tiis it SHUME VBN LR NaRARE R BRforasl wit the gnirads pr

nom nal head posithe@osieibn@trokor the disc drive in the absence of external
shock and vi bration inputs, and wherein the second threshold conprises a
wite fault threshold for the disc drive. 511. The disc drive of claim7,
wherein the gerv | It 2 ' : [ : Ol G

et er i ni ng & heatty e el bf Slaii MR e She YeiSEEP baif daitbilty

r esponsvavies twitht respece lto ¢het magmitude of ithe uelbeiyy, efrbie vel ocity error gain
circuitry applying a variable velocity gain to the head velocity error, the
variable velocity gain varying with respect to the nmagnitude of the head
LOpostti on ef.ror . AliscTifySRIWSL ihproVed vibrarfdPdd® dhéohaiaf Sldui oty | abl e
velocity gain additionally varies with respect to the nagnitu of the

vel oci tthramghahe udsaBdiberetttime sfiding anoder adntioh gvithearjabkei parametefs, ahe dist rdvive

og' ect by way of a servonotor using discrete-time sliding node control wth
vari abl "%t ers, characterized by: (a)determning a reference position
and a ref er enggvy Qlrefit Fr f)&'itiérﬁk‘i‘% §98id Of tRRIiRCarive2Ridh)rd B 15 4l ffingd
estimated position and an estimated velocity for the control object; (c)
deriving a pusitrotatabler diee of thendischdrivk, fthe sewo eitorit wemprising: r ef er ence

position and the estimated positi qn the positjon.error hav&lnlg a magni t ude;
position erfor circuitry determining a head position error wi spect t0"a

selected track; and
15 position error gain circuitry, responsive to the position error circuitry, which
applies a variable position gain to the head position error, the variable
position gain varying with respect to the magnitude of the head position

€rror.

20 8. The disc drive of claim 7, wherein the servo circuit further comprises:
an observer generating an estimated position of the head; and
a reference generator generating a reference position of the head, wherein the position
error circuitry determines the head position error in response to the estimated

and reference positions of the head.

25
9. The disc drive of claim 7, wherein the variable position gain comprises a low
gain value for head position errors below a first threshold, a high gain value for head
position errors above a second threshold, and a variable gain function for head position error
between the first and second thresholds, wherein the high gain value is greater than the low
30 gain value and the variable gain function has boundary values corresponding to the low and

high gain values.

10. The disc drive of claim 9, wherein the first threshold comprises a nominal
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(d) deriving a velocity error fromthe difference between the reference

vel ocity 25and the estinated velocity, the velocity error having a

magni t ud]yo b&loePP! Yi Ng a vari abl e position gain toe the pogdt/usy/186550r to
determ ne a position error product, tfe variable position gain varying with
respect to the nmagnitude of the position error; (Oapplying a variable

vel oci t | N e I ) .det ' . | 3Qer .

or oduct PO g bitfost BoREudicrRiyE Rt bRyt nghdbid KR ot e dits i e
magni t ugigemde dfhextgrasl dhook afd viiratie thplieh) WAd Whetdi® thoOsdcbhd® thréshold compeibet a
and the velocity erraor_product to control the position of the control

obj ect .an@ﬁltﬁ%lﬂlﬂ’(fw thsodise dgke, - 28- 14. The method of claim 13, wherein
step (e) is further characterized by: (1) applying a | ow position gain when
t he magni tude of the position error is below a first threshold; (2)

appl yi ng a high p®he¢ disordriyeiof oldian7 t Wwherehgthetser® cifcuithfarthes comprisest ror i s
5above a second threshold, the high position gain being greater than the

| ow positi onv‘?j%lﬁ’; CTERfCITepitry dstepmining, a\igad Xplogity STTRLS #0daccor dance with a

vari abl e gai ] 3 [ 11 | £ e o d and
second thres 3{)J€j§péljtrﬁ2gé\llygrq%§%@ fgégﬁ%&#@%ﬁ %?ial?g@)( Eg’{’ﬁ'gﬁ‘[ﬁl‘é‘g‘?y ﬂ?/éaf’ﬁécs@n
correspondi ng to ¢dner gaiw cancditiyOdppiying ai variablenedocitysgaiinéo thetliead vefocity @irror,14,
wherein the contrgl object is.a head of a djsc drive the fifst

t hreshol d conpri s&’§ Vénjﬂg]ﬁi‘f?éqcnﬁﬁnt VR Ing VW TEWFQto‘iofﬁ‘Bé‘i‘%tthﬁiFdP{:glethédof

nq@i nal position ges@s, £QLr. the disc drive in the absence of external shock
and vi bration inputs, and 15wherein the second threshold conprises a wite
fault threshold for the disc drive. 16.In a disc drive of the type having a

head control | ably..positionable with respect. to.track n a. rojatable

i sc ¢t oughl The. 86 S0 Tt a6 i | folein the gl Fehelh stn e AalY o
posi ti ovhrRk WwiRterdipad 1 hé fhaghinedeedfht vBRCHY leffopg Mode control wi th variabl e
paranmeters, 20characterized by: (a)generating a reference position signal

havi ng a magni tude indicative of a
15 13. A method for controlling the position of a control object by way of a

servomotor using discrete-time sliding mode control with variable parameters, characterized

by:
(a) determining a reference position and a reference velocity for the control
object;
20 (b) determining an estimated position and an estimated velocity for the control
object;
(©) deriving a position error from the difference between the reference position
) and the estimated position, the position error having a magnitude;
(d) deriving a velocity error from the difference between the reference velocity
25 and the estimated velocity, the velocity error having a magnitude;

()  applying a variable position gain to the position error to determine a position
error product, the variable position gain varying with respect to the
magnitude of the position error;

® applying a variable velocity gain to the velocity error to determine a velocity

30 error product, the variable velocity gain varying with respect to at least

the magnitude of the position error; and
(2) using the position error product and the velocity error product to control the

position of the control object.
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reference position for the head; (b)generating an estinmated position signal
havi ng a magni tude indicative of an estinmated position of the head;
25(c)deriving a position error signal fromthe reference and estipated
positionv"%?g‘ff’él7 , the position error_signal having a maghGUd¥7i1Aes>
proportion to the difference between-2%e nagnitudes of the reference and
estimated position signals; (d)applying a variable position gain signal to
t he positionlérr odhgimgathed PBCIQMégeWh?W@ step doi is iforthesr eharacterzdd dy: si gnal |

e vart 2ol oo L) ol BN B B e St Biow

characterized by: (1)usifitet thrdsholdt nmagni tude of the variable position gain
signal when the 1_ TH S SHEET HAS BEEN REPLACED WO 98/ 49677PCT/ US97/ 17655
-29- magni t ut® of ApMEIngsshigh Pesitipn grinsyhemthei magniwde of the positianserremiseshol d;

(2% using a second magp, e of I;}g | abl e. posi tion gain. signal en the
ma)g;ni tude of the positlglcg)(;n‘}égar ?eanéSI ﬁsé%ﬂ’?%&gzﬁ%qm{% 2 g@g&%aﬁgrt ﬁgg%%l d,
t he second magnitude b&iwgogtiemiein; ahidn the first nmagni tude and the second

t hreshol d being gre%t,er than the first threshald; and (3). using a variable
magni t ude of Phe IRRIYES 2Vasble; gain ip accerdange Jith é vatiable gpiasfupetionewhenithec e

with a variable gain fyneti | It O or
signal is between the P ?s(ri{slérpgﬁﬁpg%%ﬂge%ﬁgﬁo%ﬁgc%%hggsr@g I’té‘llepg%rlﬁ{b?eon
gain function having bgaindangtionshavas beundeypeihetsWrieSpdndéng to” e lawchngecond
rragnitudes; and (e)using.the position error product signal to control the
pdfition of the head. high gain values.

15. The method of claim 14, wherein the control object is a head of a disc drive,
the first threshold comprises a nominal position error cut-off point indicative of nominal
position error for the disc drive in the absence of external shock and vibration inputs, and

15 wherein the second threshold comprises a write fault threshold for the disc drive.

16.  In a disc drive of the type having a head controllably positionable with respect
to tracks on a rotatable disc through the use of a voice coil motor, a method for controlling
the position of the head using discrete-time sliding mode control with variable parameters,

20 characterized by:

(a)  generating a reference position signal having a magnitude indicative of a

reference position for the head;

®) generating an estimated position signal having a magnitude indicative of an

estimated position of the head;

25 ©) deriving a position error signal from the reference and estimated position
signals, the position error signal having a magnitude in proportion to
the difference between the magnitudes of the reference and estimated
position signals;

(d) applying a variable position gain signal to the position error signal to

30 determine a position error product signal, the variable position gain
signal having a magnitude that varies with respect to the magnitude of
the position error signal, further characterized by:

1) using a first magnitude of the variable position gain signal when the
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15 17. The method of claim 16, wherein the first threshold conprises
a nom nal position error cut-off point indicative of nom nal excursions of
t he magniy¢'6g49gs7 t he position error signal in the absence pér/esdrarnessl shock
and vibration inputs to the disc driv, and wherein the second threshold
conprises a wite fault threshold for“the disc drive in that a 20wite

fault condition is declared b h I sc dri.ve for magpitudes of th '
position error signal great g’ragf“lﬂﬁﬁ: %lh e&??‘f‘g“ﬂﬁ%é‘%‘ﬁ{]@sﬁﬁﬁ @maﬁrs? 18. The
met hod of claim 16, furtherggébdopsterized by: (Ogenerating a reference

velocity signal having a magnitude indicative of a 25reference velocity for
the head; (g) gen€atingnge seeuidmagritude|afdhe yariable apsition igaip ignah grlienbe

i ndicative of an estimated vel oci t he .head: (h eriving.a velocity
error signal fromthe refer g}@g@%&%ofg\‘&? PRRHEy eFé’F%t%)“f"e‘S greatexg than’a secgh&
signals, the velocity errortgedhor, theviddad ndpeidd beiag igledtéroman thefirst O
30t he difference between the nagnitudes of the reference and estinmated
vel ocity signals; (i) applymagnitdeaandathe secondabresholddieingsgrgatgr thap thp dirst
velocity error signal to deggr%ggf% vel ocity error product signal, the
vari able velocity gain W) Y / US97/ 17655 -30- signal having a
magni tude that va(@@)es usingacaridblearagmitulie ofi cherwginbleupesitidn gdia sigal wibioh
error signal; and using the velocity error product signal to control the
position of the head. 19. Th¥angs:iRagcerdangeawith pavariahler gaim functien (when; the

fypther characterized by: ( Rani . | ghl city
gglbn signal in accordance w@a%wdgn%a%gﬁf)%gﬂgwgﬁg}%gfsgtgﬁt¥€éde§@of?rsg%d;al .
second thresholds, the variable position gain function having
boundary values corresponding to the first and second
magnitudes; and

(e) using the position error product signal to control the position of the head.

15
17.  The method of claim 16, wherein the first threshold comprises a nominal
position error cut-off point indicative of nominal excursions of the magnitude of the position
error signal in the absence of external shock and vibration inputs to the disc drive, and
wherein the second threshold comprises a write fault threshold for the disc drive in that a
20 write fault condition is declared by the disc drive for magnitudes of the position error signal
greater than the write fault threshold.
18.  The method of claim 16, further characterized by:
@ generating a reference velocity signal having a magnitude indicative of a
25 reference velocity for the head;
(g)  generating an estimated velocity signal having a magnitude indicative of an
estimated velocity of the head;
(h) deriving a velocity error signal from the reference and estimated velocity
signals, the velocity error signal having a magnitude in proportion to
30 the difference between the magnitudes of the reference and estimated

velocity signals;
@) applying a variable velocity gain signal to the velocity error signal to

determine a velocity error product signal, the variable velocity gain
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signal having a magnitude that varies in accordance with the magnitude
of the position error signal; and

()] using the velocity error product signal to control the position of the head.

19.  The method of claim 18, wherein step (i) is further characterized by:
(1) varying the magnitude of the variable velocity gain signal in accordance with

the magnitude of the velocity error signal.
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