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-1- . METHOD OF | MPLEMENTI NG A LI NEAR Dl SCRETE- TI ME
STATE- SPAGH sdigdée CONTROL SYSTEM ON A FI XED- PO NT o§§|GNAL
PROCESSOR I N A DI SC DRI VE 5. FI ELD OF THE

The present invention relates generally to a servo systemin a disc
drive. Mre particularly, the present invention relates to

i npl ementi ng a nodel - based robust s&rvo control systemin a disc
drive. 10 W A typi cal
di sc drive includes o’f#"g r %ﬁﬁ&%ﬁﬁﬁgﬁémﬁuﬁ%r r ot ation on
a hub or spindl epTgcrETER '§'P @kr e [ h#ﬂ@s

transducers supported by a hy rodyna% cEa|r §§r|%§ 15 \(/\ﬁl CF'!I g |es above

each magnetic di 8YSTEM ONnaJEEZRED-POINT '®IGITAN N8TENAT bearing

are col lectively referred to as ‘a data head. A drive controller is
conventional ly used for BROGESSQR! IN dPs DISTDRIVEystem based on
comands recei ved from a host LB controller controls the
di sc drlvgto retrieve in ' etic discs and to store

i nformati on on the magnéthe pifestant invention relageseigentermisghdm cal
act uat or  oper ehs;dMdflitem 1naan&9§é'&§1{r§edbﬁ6§ea€% a%ﬁﬂa%ie, o

system The 25 act'yator . typically 1ncludes actuator ™ ‘arm_that
supports a f| BLRSerd MVeptienassdabrs hAi tRelemeating a model-based

robust servo control system in a disc drive.
10 BACKGROUND OF THE INVENTION
A typical disc drive includes one or more
magnetic discs mounted for rotation on a hub or spindle.
A typical disc drive also includes one or more
transducers- supported by a hydrodynamic air bearing
15 which flies above each magnetic disc. The transducers
and the hydrodynamic air bearing are collectively
‘referred to as a data head. A drive controller is
conventionally used for controlling the disc drive
system based on commands received from a host system.
20 The drive controller controls the disc drive to retrieve
information from the wmagnetic discs and to store
information on the magnetic discs.
An electromechanical actuator operates within
a negative feedback, closed-loop servo system. The
25 actuator typically includes an actuator arm that
supports a flexure of flexure assembly which, in turn,
supports the data head. The actuator moves the data
head radially over the disc surface for track seek
operations and holds the transducer directly over a
30 track on the disc surface for track following
operations.
Information is typically stored on the
magnetic discs by providing a write signal to the data



supports the data head. The actuator noves the data head radi ally over

the disc surface for track seek operations and hol ds the transducer
directly gver a 30 track on the disc surface for track follqgw ng.
oper at i ondV099/08268 Information is typically stored RFI/PSREN0135
magnetic discs by providing a wite signal to the data

-2- head to encode flux reversals on the surface of the magneti c
di sc representing the data to be stored-24n retrieving data fromthe
di sc, the drive controller control s the el ectronechani cal actuator so

that the databe8d HRaan¢Pdesfdpsy avrramdgnn cthessurfacs ref t tkef | ux
reversal s on imhgneggecdigcdi e@é(ih. &Q@ertq{é AR "&i%e ds%oﬁé@nal IQased on
g e

t hose fl ux reve%sal s.._The.r nal . s then deco the drive

control l er to*F Eﬁgﬁnghedateaa fglgﬁa ther&i3cu e§hBy duime reortsallestored on

a magnetic 10contirets thel elesampmeidanielr asedhedri So it ead éé%ﬁ' q
provi ded gy t ats . LAccuyrate positionin “the data
head overga ﬂgalEit r%él{(é%gﬁatﬁvee dtee T2IBPELF e A SFmp |"hh%/r$i%g dat a
to the di sc aN@vers8lagodatiel magnardaidicsc,1mnd generatind na peadr

Systems, = Ser¥eqn@Debabbdnan YRbEe flux£EOEPLLEDCU PRSCL.08 81 degd] cal ed

servo head. .[In dedi.cated servo type o steny servo IMiormtion
is all Wit EBAT GegREcHehY cBheddsrF AbenbToRl oF k0| ReeREet Bhe
data represented by flux reversals stored on a magnetic

10 disc, and consequently represented in the read signal
provided by the data head.

Accurate positioning of the data head over a
track on the disc is of great importance in writing data
to the disc and reading data from the disc.

15 In prior systems, servo operations were
accomplished based on a dedicated servo head. 1In a
dedicated servo type of system, servo information is all
written to one dedicated surface of a disc in the disc
drive. All of the heads in the disc drive -are

20 mechanically coupled to the servo head which is used to
access the servo information. Thus, all of the heads in
the dedicated servo disc drive are positioned based on
the servo information read from the servo surface. This
type of system allows the disc drive to conveniently

25 execute parallel read and write operations. In other
words, with appropriate circuitry in the drive
controller, read and write operations can be executed in
parallel using a plurality of the data heads mounted on
the actuator, the data heads being simultaneously

30 positioned based on the servo information read from the
dedicated servo surface.

However, track densities on magnetic discs
have been increasing for many years. Increased track
densities on the magnetic disc require more accurate and



drive. Al  of the heads in the disc drive are 20 nechanically
coupled to-the servo head which is used to access the servo

i nf or'mat i wo.09/68ués, all of the heads in t he dedi cat ed perusosdossg dri ve
are positioned based on the servo information read fromthe servo
surface. This type of systemallows the disc drive to conveniently 25
execute parallel read and wite operatigns. In other words, with
appropriate circuitry in the drive controller, read and wite
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information on the disc suxface. The positioning is
accomplished using the embedded servo data for the track
over which the data head is then f£lying.
While this results in increased positioning
15 accuracy and higher resolution in the positioning
process (because the data head is positioned
independently of any other data heads), certain
disadvantages are encountered because of increased track
density and mechanics. One of the disadvantages is that
20 in typical embedded servo systems, the ability to
execute parallel read and write operations using a
plurality of heads is lost. That is because the servo
system is positioning based on information received by
one individual data head, and the mechanical tolerances
25 are inadequate to accurately position the other data
heads in high track density systems. Also, current
actuators are incapable of independently positioning the
data heads. Thus, embedded servo systems, to date, have
been unable to execute parallel read and write
30 operations, such as simultaneously reaaing or writing a
full cylinder in a disc drive.
Because of these differences between dedicated
and embedded servo systems, there is a trade off between
servo sample rate and efficient user data storage.



I nformation on the disc surface. The positioning is acconpl i shed
usi ng the enbedded servo data for the track over which the data head
is then fl 'gg While this results in increased positioning
15 accura é gﬁ@’higher resolution in the positioning PCT/USPHINM3S
(because the data head is positioned I ndependent |y of any other
data heads), certain di sadvant ages are encountered because of increased
track density and nechanics. One of-4fe di sadvantages is that 20 in
typi cal enbedded servo systens, , the ability to execute parallel read
and write operations usiffigadditigy.urthery arehsacty iksswesd . ifhbbths

because the sg{/46ems WHSERM ABFHOEI LA el . [ fQEHEt on.received
by one ind?&idual dat Qﬁﬁd’ and the:%gﬁigﬁééﬁmﬁogkrancgé.2§ngare

i nadequat e t oPAEEAPAPE y°€o 19 ofSEHE oPYeteWat a Someheafis the hingsttrack
density systeimportAhtoissuesethcludeatheafolionifighncapabl e of . -

I ndependegt!|ly positioning th ta.heads. Thu enbedded servo systens,
to date, have been Eﬁabl%efgcegggﬁ}g ﬁﬁﬁﬁrlel%PﬁaﬁaQR ewFRrEE 38
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¥8ctors per track PRCAH gmBEd?Egrge?ggag¥§g§8°off bet ween

dedi cat ed and enbedded servo systens, :

servo sanple rate and effici 8htugsbradatmedasrige the arm and head

-4- suspenkflofddi tion, there are many issues in both - syst ens
whi ch q{éect the pos'gtonlﬁgte%ﬁgfrgﬁgckaggd vibration, which can

be either linear or rotational or both.

4. Written-in position error which results
from tracking errors which occurred when the servo
tracks were written. This results in repeatable runout.

15 Runout refers to the total positioning error while
executing a track following ‘operation. Runout -*is
typically referred to as a static deviation while
tracking over long periods of time. Because written-in
position error is synchronized to the spindle speed; it

20 is referred to as repeatable runout.

5. Bearing non-linearities. Such non-
linearities result in rotational drag and hysteresis,
particularly when the actuator is moving at low
velocities.

25 . 6. Non-linearity due to flex circuit bias
forces on the actuator. 1In other words, the actuator is
coupled to the disc drive controller through a flex
circuit. When the actuator positions the transducer at
different radial positions on the disc, the flex circuit

30 bias forces on the actuator can change.

7. Disc flutter which results in non-
repeatable runout. The amount of disc flutter is
dependent on the spindle speed and the stiffness of disc
substrate.



preci sion of the servo system Sonme of the nost | nportant issues

i nclude the followng: 5 1. Servo sanple rate. The sanpl e
rate i s yyopogesbg268 t €ed by the spindle speed and the nunber ofcTsEs98/00135
sectors per track in an enbedded servo system 2.

Structural nodes in the armand head suspension. 10 3.
External shock and vibration, which cang. be either linear or rotational
or both. 4. Witten-in position error which results

fromtracking errors wgi.ch eggur hed-iMteibd NeeSEIdng froh' Maghatale
witten. This results in ripeata Rl e runout. 15 . Runout refers to the total
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signals. In a seek mode, the regulator typically zeros
the error between a reference velocity trajectory and
the observed velocity. In track following mode, the

15 regulator zeros the error between the desired track
position and the observed track position. The regulator
controls according to a PID control technique.

However, PID controllers may not  .be
advantageous or desirable in all disc drive
20 applications. For example, it may be desirable to

provide microactuators between the flexure assembly and
the transducer or slider assembly, or on the actuator
arm, or on the suspension or flexure assembly. Where
microactuators are provided, the servo actuator system
25 evolves from a single input single output (SISO) system
where the input is an error signal and the output is a
voice coil current signal, to a multiple input multiple
output (MIMO) system which receives a variety of inputs
from the microactuators and provides a position output
30 signal to the voice coil motor and each of the
microactuators. While such a system could be controlled
by simply decentralizing a PID controller, this may
present problems. For example, if a plurality of heads
are simultaneously positioned, the positioning of one
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not be agdvant %geous desirabl e al | di sc rrve
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slider asse 0 e actuat or. sus
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recei ves a VRFPF¥igedf inngigital signmd m@%mm Jaghdepnseddes a
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m croact uat Orsnul\mlerlreo ué::[]gr?lg Satu?’én icsosul.l\es %ntsg.%le and number of
registers in a digital signal processor can be quite
15 limited. When performing matrix calculations, the
number of ‘bits required to store the results - of
intermediate calculations may exceed the capacity of the
registers in the digital signal processor. Thus,
overflow presents a significant hurdle. In addition,
20 the computation speed and structure, as well as :the
memory capacity, in a digital signal processor can make
some matrix calculations highly impractical, simply due
to the number of calculations which must be performed.
Also, substantially all digital signal processors are
25 fixed-point processors. Thus, implementing a linear
discrete-time system in a digital signal processor can
be highly impractical. Further, quantization errors in
a conventional DSP can become appreciable rendering the
control accuracy of the DSP in a servo system in the

30 disc drive impractical.
The present invention addresses at least some
of these and other problems, and offers other advantages

over the prior art.



by sinply decentralizing a PID controller, this may present problens.
For exanple, if a plurality of heads are sinul taneously positioned,

the posi t {Qyysfagresf one _ . PCT/US$B/10135
data head can be affected by the sinultaneous posi ti oni ng of adjacent

or proxi mate other data heads. Further, high bandw dth positioning can
excite the structural nodes of the-drive and cause vibration, 5
ringing, or other interference which can tend to interfere with

the positioning of adjacent gavadeods. THE INVENTION |N addition, a
nunber of problens present thenmsel'ves When atienpting to inplenent a
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a number of required mathematical operations. Further,
the matrices are converted to fixed point format.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 illustrates a disc drive in accordance
with one embodiment of the present invention.

FIG. 2 illustrates an actuator assembly in
accordance with one embodiment of the present invention.

FIG. 3 illustrates a head gimbal assembly.in

20 accordance with one feature of the present invention.

FIG. 4 is a block diagram of a portion of the
disc drive in accordance with one embodiment of the
present invention.

FIG. 5 is a block diagram of a portion of a

25 servo control circuit in accordance with one embodiment
of the present inventiom.

FIG. 6 is a flow diagram illustrating the
construction of a servo controcl algorithm in accordance
with one aspect of the present invention.

30 FIG. 7 is a block diagram of an actuator model
in accordance with one aspect of the present invention.

FIG. 8 is a graph illustrating a nominal model
with measured data, and average measured data taken

while injecting a position disturbance into the system.
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FIG 1 illustrates a dfs@ -driVelfn &cbiPghndtiagram \ilhugkzatiBgdidnent of
the present twnaektifmmllowing control synthesis interconnection in

10 accordance with one aspect of the present invention.

FIG. 12 is a block diagram illustrating the
linear fractional transformation (LFT) of the track
following control synthesis interconnection shown in
FIG. 11.

15 FIG. 13 is a graph illustrating a model
validation in accordance with one aspect of the present
invention.

' FIG. 14 is a flow diagram illustrating a model
validation technique in accordance with one aspect of

20 the present invention. '

FIG. 15 is a flow diagram illustrating the
implementation of a servo controller and a digital
signal processor in accordance with one aspect of the
present invention.

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

FIG. 1 is a plan view of a typical disc¢ drive
110. Disc drive 110 includes a disc pack 112, which is
mounted on a spindle motor (not shown) by a disc clamp
114. Disc pack 112, in one preferred embodiment,

30 includes a plurality of individual discs which are
mounted for co-rotation about a central axis 115. Each
disc surface on which data is stored has an associated
head gimbal assembly (HGA) 116 which is mounted to an
actuator assembly 118 in disc drive 110. The actuator



FIG 2 illustrates an actuator assenbly in accordance with one

enbodi nent -of the present invention.
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FIG 3 illustrates a
accordance with one feature obcirigspisasent

i nventi on. FIG 4 is a block diagramof a portion of the
disc drive in accordance with one enbodi nent of the present invention.
FIG 5 is a block diagramof a portion_gft a 25 servo control circuit in
accordance with one enbodi nent of the present invention.
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on an actu di sc
ore spec1f§cally, actuator assembly -118

pivots about axis 121 to rotate head gimbal assemblies

116 generally along an arc 119 which causes each head

gimbal assembly 116 to be positioned over a desired one
of the tracks on the surfaces of discs in disc pack 112.
HGAs 116 can be moved from tracks lying on the innermost
radius, to tracks lying on the outermost radius of the
discs. Each' head gimbal assembly 116 has a gimbal which
resiliently supports a slider relative to a load beam so
that the slider can follow the topography of the disc.
The slider, in turn, includes a transducer which is
utilized for encoding flux reversals on, and reading
flux reversals from, the surface of the disc over which
it is flying.

FIG. 2 1is a perspective view of actuator
assembly 118. Actuator assembly 118 includes base
portion 122, a plurality of actuator arms 126, a
plurality of load beams 128, and a plurality of head
gimbal assemblies 116. Base portion 122 includes a bore
which is, in the preferred embodiment, coupled for
pivotal movement about axis 121. Actuator arms 126
extend from base portion 122 and are each coupled to the
first end of either one or two load beams 128. Load
beams 128 each have a second end which is coupled to a
head gimbal assembly 1i16.
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FIG 11 is a block diagramillustrating a track follow ng control
synthesis interconnection in 10 accordance with one aspect of the present

i nventi on. FIG 12 is a block diagramillustrating the
linear frdtQ?¥R268 transformation (LFT) of the track f BEXASIIGII50Nt 1 O
synt hesi s interconnection shown in FIG 11. 15 FIG 13 is
a graph illustrating a nodel val idation in accordance wth one aspect
of the present i nventi on. -10- FIG. 14 is a flow di agram

il lustrating a nodel val i dation technique in accordance with one aspect

of 20 the present inveftfor illustrates a grearlysenkarged owiel agf am
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FIG 1 is a pl3h, wdmvaogimbaydond thirguelnizée Head Iimbibaghdnka @10

I ncl udes di % . NiChqls a spindl e notor (not
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enbodi nent, 3040 ianrd RidPwen| @ia ihepwing rlinfiatieal 148 . ¢ STusistiu s

nmount ed for o [ b | i .4 E : . . face on
Wi ch dat o | i CABL ! AB)BUEIEraBTY Jockted bir o [S€dding LaE MELSCT16
which is nourtefgD 8- ThetBarbicudadensriachpent desween wlifdey The

act uat or 138 and gimbal 130 is accomplished- in any desired

10 manner. Briefly, in one preferred embodiment, a
compliant sheer layer is préferably coupled between the
upper surface 140 of slider 138 and a lower surface of
gimbal bond tongue 136, with an adhesive. ' The compliant
sheer layer permits relative lateral motion between

15 slider 138 and gimbal bond tongue 136. The compliant
sheer layer is preferably a mylar film having a
thickness of approximately 150 microns. Also, gimbal
bond tongue 136 preferably terminates at a trailing edge
of slider 138 with a mounting tab 146 which provides a

20 surface at which slider 138 is attached to gimbal bond
tongue 136. _

FIG. 4 is a block diagram of a portion of a
disc drive 110, which illustrates a servo position
control circuit in accordance with one aspect of the

25 present invention. The portion of disc drive 110 which
is illustrated in FIG. 4 includes actuator assembly 118,
disc pack 112, microactuators associated with each head
gimbal assembly (collectively referred to as
microactuators 158), preamplifier 160, data and clock

30 recovery circuit 162, error detection circuit 164, drive
controller 166, data conditioning circuit 168, sexrvo
control processor 170, power amplifier 172, and optional
microactuator controller(s) 174.



assenbly shown in FIG 1 is of the type known as a rotary noving coil
actuator and includes a voice coil notor (VCM shown generally at 120.
Voi ce coi kwomiostes 120 rotates actuator assenbly 118 W phriukssiisached
HGAs 5 116 about a pivot axis 121 to position HGAs 116 over desired
data tracks on the associated di sc surfaces, under the control of

el ectronic circuitry housed w thin _1£lj_sc drive 110. Mor e
specifically, actuator assenbly -118 10 pivots about axis 121 to rotate

head gi nbal asserrbl i es Drive 11lGoperelaldy ahgeg ajsar %ﬂé&%ﬁh cguses
each head nhal assenblly %18?-%0 be S|t|oned over desiTed one

of the trackdISH ‘f*‘*ﬁa ERTUC R 8l ©r u§t,erpac93‘ 19%h ef suifakdel 16 ¢an
be noved fromitcdentzokiemn ané isneocuplied by basi lls,l teo t sadlest! Yi ng on
the outernostg SoPf o 116 has a

gi nbal whi ch a;saccgr&rleslfl?%gq\er drg!Jgrat ?Oélﬁgﬁa&%%are cf o?g Tgoﬁ&ebeam SO .
that the5sli MW%IQ%\@R%QOpography of the disc. The sli der, in

turn, i nol udes a transdus geicgh mzzomcmaéézesgﬁfﬁleena% NG o

reversal s on, and readin | ux reversals he surface -o the di sc
over which SUPHArHE "’Hé])r‘ﬁﬁallty of coaxially grranged @&pSpediBve view

of actuator Each assmrhl',sa 18 mourAnddiaf o BsELEDby wibhi Bpliddes b&%e 25

portion 122, ur.al i t of a t.uat r | ural_,t | oad
beans 128, ar?(?%‘&plqi{rlasf Qh? gs%%ﬁ‘ %%%’gn%weggfl% fBEé& portion
122 i ncll®des sunfaae 180 amdl ahsasondnsuh‘éapleeﬂ.elzr edSerifadiesedB0 aadpl ed for

pi votal m)veg%%t 1%@%&%&)5@]:?&:51::' égaﬁ?:tso%oﬁ'r Q:Eczlﬁ@lg; FmﬁXEEBQ':LB om base

portion 122 are each cou e or two
| oad beans 18@ta |$md the fﬁmns°§2§1éﬁthrﬁaﬁﬁsal§ec%}h@°@ﬁ@ W ckhes
coupl ed to atrackdiead gi nbal assenbly 116.

As described with respect to FIGS. 2 and 3,
15 actuator assembly 118 includes base portion .122

supporting the plurality of actuator arms 126. Each of
the actuator arms 126 is coupled to at least one of the
load beams 128. Load beams 128, in turn, each support
one of the head gimbal assemblies 116 (labeled in FIG.

20 3) above corresponding disc surfaces 180 or 182 for
accessing data within the tracks on the disc surface.
BEach gimbal assembly also includes at least one
microactuator 158 for positioning the transducers on the
head gimbal assemblies within a track, or on one of a

25 plurality of different tracks, on disc 178. As
illustrated in FIG. 4, microactuators 158 can be
provided on actuator arms 126, on load beams 128, on
gimbals (or other flexures) 130, between gimbal 130 and
associated sliders, or at any other suitable location.

30 The microactuators 158 can be formed of PZT material,
electrostatic material arranged to deflect accordingly,
capacitive, fluidic, electromagnetic, magnetostatic, or
thermally activated.



-10- FIG 3 illustrates a greatly enlarged view of a
head gi nbal assenbly 116. Head gi nbal assenbly 116 I ncl udes gi nbal

130, which has a pair of struts 132 and 134, and a gi nmbal bond,tongue
136. Head™@ P¥¥%8assenbly 5 116 al so includes slider 1REMHSBVAIREs an
upper surface 140 and a lower, air bearing surface 142. Transducers
144 are also preferably | ocated on a | eadi ng edge of slider 138. The
particul ar attachment between slider =-12- 138 and ginbal 130 is
acconplished in any desired 10 ,manner., Briefly, in one preferred
embodi nent, a cotpi PREFadHos. Oxjve icontingldiam| 112 deypieablyween t he
upper surfaceekﬁ&v&b giidemmh&&.ﬁﬁﬂgﬂai?ﬂﬁkmﬁuéféﬁﬁﬂpfsyﬁteugiﬁﬁﬁéhbond
tongue 136, W a spve. _The, cq i ant sheer | ayer permts

rel ative |at g%‘gﬁcﬁ‘gfa%o?ﬁﬁtt%%%tl%m TEan P ORG1OFi BBEP BERLEBRgue 136.
The conpli anil78 aresheer beagercassgnt.ef eflablnespongear tbdi ltheh avdmgand

t hi cknesg of Xi ) . S ] s : bond. & ue 136
preferably tgrgﬁﬁﬁgt'e%ﬁ% 'g:r%g’itﬁoﬁg'%ie}(sjgle& %rog%‘l ST d8F*Y9s W 'g‘glfnﬁunt i ng
tab 146 whi cRYpFESPAEs102¢ithsyrpaett enwox refexrncaBssignaltbehed to

gi mbal bond whichton@deciBes a particular Fldglihder a &Sek Whpgram of a
portion of 110 X\/mch illustratfes a servp position

a disc driv
control ci rcﬁFFuFﬁoﬁccﬁFﬁﬁﬁgéywi 118 0ntS astRctPAFL 4P 25head o EHIB3 hyent i on.
The portion absdimbiidsi 166110 Sdxwdh controd pibuessated 7 ddriredts ncl udes

SR T i o498 PORk ! B8, RESOE° L Bhagg gy

each head n col l'ective ‘ (
m cr oact uat opBpisg§iedpbrappweri anplbbietal 22 aamd ci®akrovided to the

voice coil motor in actuator assembly 118. In response
to the analog position signal, actuator assembly 118
positions load beams 128 and their associated head

15 gimbal assemblies 116 over a desired cylinder.

The head gimbal assemblies 116 generate a read
signal containing data from embedded servo position data
which is stored on a selected portion of each track of
the disc to be read, as well as normal data tor be

20 accessed from the selected portion of the disc to ‘'be
read. The read signal is provided to preamplifier 160
which amplifies the read signal and provides it to data
and clock recovery circuit 162. Data and clock recovery
circuit 162 recovers data from the read signal, which is

25 encoded on the disc surface when the data is written to
the disc surface, in a known manner. Of course, data
and clock recovery circuit 162 can be a partial response
maximum likelihood (PRML) channel, or another suitable
type of read channel.

30 Once the data is recovered, it is provided to
exror detection circuit 164 which detects whether any
errors have occurred in the data read back from the disc
and which provides an output 167. Errors are corrected



30 recovery circuit 162, error detection circuit 164, drive
controller.166, data conditioning circuit 168, servo control processor

170, " powekodgidks | €r 172, and optional m croact uat or geRtEdRbEYs(S)
174. -11- Drive

controller 166 is preferably a m croprocessor or digital conputer,
or other suitable m crocontrol lerj3and is coupled by bus 111 to a host
system or another drive controller whi (::Lh controls the 5 plurality of

drives. by error d&éetﬂaﬁkciééuiecwﬂeér SR %&J&aﬂéﬁ 16
supports a plurality qf coaX|a éoi:rrar]ged I scs 178. Each - dssc 178 is

mount ed for P&t & in a Xnown FEMNed- rotation 115. Each

di sk 178 has a first 1®urm§f néadlﬁesﬁﬁdoﬁlﬁgpod@hwrém&ﬁﬁer&Eé aces 180
and 182 incl.ude concentric tracks. for rece| Vi n%§ storin dat a

in the form BFOMAGES & HEH S Uh GHERnEPhEETY proce >S0r As
descri bed vm' 1 or eespaesing o ddtBtcr aadsémbl‘;‘r s u&borpom%‘sﬁohl ‘heald 8

i ncl udes r tin u f a or arns
106 “Eaen of Bmpll Webniiits 116RE [ %S%Q?t%it EPhshtell, ATHYO" O
| oad beans lssctpé’acﬁ%emspfﬁgtl@ﬂulﬁrﬁlné@ch @upper embeddgde sHrtthe head

gi mbal asse”’@b‘s&%ﬁlﬁn@ abeved,i 8 pdfricd oﬁ)ea%@@&@cﬁeifr@ﬁﬁ%gldﬁcﬂl SC
surfaces 1807 or acce55| n ata withi nwkhe tracks onéklf di sc

sur f ace. S%éﬁcﬁsmgﬁsam%f’%l OFERtdeR avhiehstignencode
10 thereon and which is read by the data head and provided,

through the read channel, to servo control processor
170. The positioning information not only gives coarse
position information indicating the particular track
over which the data head is flying, it also provides
15 tuning feedback to the servo control processor for
better positioning. Servo control processor 170 reacts
to the position information read from the disc and
positions the head gimbal assemblies 116 accordingly.
In one preferred embodiment, servo control
20 processor 170 is used to not only control the coarse
actuator (voice coil motor) but it is also used to
control the microactuators 158. In another preferred
embodiment, a separate microactuator controller (or
plurality of separate microactuator controllers) 174 are
25 provided for controlling the microactuators 158 in
response to the position request signal £from drive
controller 166 and alsc in response to the embedded
position information read from the discs.
In oxrder to write information to the discs,
30 drive controller 166 receives not only the location of
the information to be written on disc pack 112, but also
receives the actual data to be written. The location
information is provided to servo control processor 170
(and optionally microactuator controller(s) 174) as a



m croactuator 158 for positioning the transducers on the head gi nbal
assenblies within a track, or on one of a 25 plurality of different
tracks, on disc 178. As illustrated in FIG 4, mcroactuators 158
can be WP ¥ed on actuator arns 126, on | oad beans 12BCTA®S/M0135gi nbal s
(or other flexures) 130, between ginbal 130 and associ ated sliders, or
at any other suitable |ocation. 30 The m croactuators 158 can be fornmed of
PZT materi al el ectrostatic materi aMarranged to defl ect accordingly,
capacitive, f|UI dic, elecgtromagnetic, net ostatic, or thermal |y
act i vat ed. reference signal to coarse y posxtlonlz:-he data heads

operation, drigkatver ald ethd 12driel idECELY¥ RS cBs com@ggnzl gnal
ne or

froma host s i ca esthat acertaln portion o

nore of di scséﬁ‘yL "‘%%5?361?6 i)gg the ﬁaﬁésfé@nbé vsithenconrand 5
signal, dri vedabatcmaatldﬁﬁzgrmm:gﬂum cm&eﬁl ;m turﬁr}%ﬁﬁ&’és 170 with
ap03|t|0g(o f .gn 1 es a partjcular

cyl i nder overéa/lé"le Qh%%ﬁto%af%ﬁ ggser’ﬁ'ﬁp @21]8&? Q %g{?sﬂ?? LR gi nbal
assenbl i es 11bramgdygersneprokhgr dﬂ@@sismmbm aswembﬂs.e]so 1xéhespasthdt on

signal into aghardd©s cHoBal wehieln €o the A sLied Jay, power amlifier 172
and is provided to the voice coil nmotor 1 n actuator asse y 118. In
response MEBR¢he anal og position signal, actuator assenbly 118

positions | oad beans 12BnatHet I;n_melfea:s:@ammlm@aﬁ 1501 S-SR uRASHENDI i es

116 overy & defééeﬂasgl ' n%‘%nge of motion which is in excess of the
worst case mechanical mlsallgnment between any two of

the head assemblies 116 supported by actuator assembly

118. In an even more preferred embodiment, each
microactuator 158 has a range of motion which is in

15 excess of one track width, and even more preferably in
excess of a plurality of track widths. Also, in the
preferred embodiment, the read channel provided in disc
drive 110 (which in the embodiment shown in FIG: 4
includes preamp 160, data and clock recovery circuit- 162

20 and error detection circuit 164) is capable of receiving
a plurality of simultaneous and parallel data signals

and processing those data signals in parallel, and
providing them to the host system, and/or drive
controller 166 in parallel. Purther, in the preferred

25 embodiment, data conditioning circuitry 168 is also
preferably suitable for providing a plurality of
simultaneous and parallel write signals to the data
heads to execute a simultaneous and parallel write
operation. Further, in the preferred embodiment, servo

30 controller processor 170 and optional microactuator
controller(s) 174 are suitable for simultaneously
providing positioning signals to microactuators 158 to
simultaneously position all, or at least a plurality of,

the microactuators so that a plurality of heads can be



The head gi nbal assenblies 116 generate a read signal containing data

from enbedded servo position data which is stored on a sel ected
portion owamedr ack of the disc to be read, as well pggaiReyfppds dat a
to be 20 accessed fromthe selected portion of the disc to be read.
The read signal is provided to preanplifier 160 whi ch anplifies the
read signal and provides it to data _ig.and clock recovery circuit 162.
Dat a and cl ock recovery circuit 162 recovers data fromthe read

si gnal, whi cfsﬂnﬁl%necﬁim.qd%ﬂ.médlewﬂtﬁc t&@dk@ebﬁ\han plhgrdeie, i gpwitten
to t he dg% 358, éo <iénown m?{l O course, data and cl ock
recovery cir aﬁa 5% PRC nse maxi mum | i kel i hood

(PRML) channel, or anotWidh shisabrrangemepps afnueherchfinadiantéges .

On t he dat d, { t
164 whi ch qoCa S TREVRGY ey SRRy E¥hciBe posfEifh ARRECYHak cod

back fro t h®edi ggcomplhﬁlae%p@h N 6€s AnPdYrpditys 7of Ebher sdate” .

corrected heads. This allows prec:u.se and siﬁultaneo@é CELQtbk
detection circuyiit 164 or driwve contr 1 a conbi nat:i-on of

|
both, in a k PR ron the p ura?.:.t@i”p g iR ds ofPngalierve
control | er 1@parallglr aeaibsarm pesité oopergbabnko SQM&Q:K&!‘]I rBéc@ﬁQé'eSSOF S)

116 over a s affRiicrt HhE, W Ece it 4 bpepat oot matirtve (or
an enbed@ed ddgher th@@m thati n@fdr ithe) , voiss t iapilof wetodr sectbison t he
di sc arrangement provides the  ability to significantly
increase the track density on any given disc surface
because it accommodates bearing non-linearity, and other
problems which limit the track density of the current
15 art, in a far superior fashion to simply using the voice
coil motor for track following.

Further, since in the preferred embodiment,
each microactuator has a range of motion-_ which lS in
excess of a plurality of data tracks, the

20 microactuators, themselves, can be used to execute s_ficirt
seek operations (seek operations which seek to a i:réck
within the range of motion of the microactuator). This
minimizes the excitation of structural modes in the disc
drives and enables higher bandwidth servo-control during

25 the short seeks.

Microactuators 158 can be controlled in any of
a number of ways 1in accordance with the present
invention. - For example, the voice coil motor in a
conventional disc drive is controlled by a servo

30 controller which is a single input/singe output (SISO)
system. The input is the head position measurement
taken from the embedded servo data, and the output
typically drives the voice coil motor through the power
amplifier 172. However, in controlling microactuators



surfaces has position information which is encoded 10 thereon and which is
read by the data head and provi ded, t hrough the read channel, to servo
control processor 170. The positioning information not only gives _
coarse  WO7848%%8on i nformation indicating the particul ar RCEUSSS/101350vVer
which the data head is flying, it also provides 15 tuning feedback to the
servo control processor for better positioning. Servo control processor
170 reacts to the position infornati®n read fromthe disc and

posi tions the head ginbal assenblies 116 accordingly. _ I n one
preferred enfodimdiie S& XK COBREQY SxPtem sefsthe p7@sést utedetbiont only

control the ematseéhave mattiPler inyRitee HM | mIPLPhl ePWutiuts @l used to
control the ri crq%ct.ua&ors L%S Inbgnot,her prg?er?eg 4 er%odiin'%ﬁt, a

separate ni croRTatBFLEgh: FoFiRgaqd fositions wead £xopr thepembedded .
m croact uat osegymt doiflcams)l it corer hidh whslaed{ds £eat#Dyihgd-5ha

I croact wat o | Dy I o] 0, the position request,.signal from
(Tr?ve k C(l;)“%1 r(J?lﬁ'I%gr %fgéogﬁ&qiﬁsg%%r}turdeesB%f%er?]gart%‘ée ﬁ%ﬂng of
posi tion i nf &FaPFoRoFeRf fthenmilgrogictemtors, relative tbnthedesite wite
i nformation t@ithaoiciC Yor3@oad'de kUL er Had dm‘(&f@ip%;g% %.tngggy the

| ocati on of theigfﬁormatlonto be witten on SC ut al so

recei ves t he IBGLYGE dbPs tRMGF i tvhkeh TR ivsc athen singlenfepadseon is
provi ded to pesitionetr dVep)oaedser nhiber N dRhO i@ dtudt sFQact uat or

control I:L%r(s) 174) as A potential problem which presents itself 1{:1(_)
the present architecture in which a plurality of data
heads are simultaneously positioned is that ' the
positioning of one data head can be affected by the
simultaneous positioning of adjacent or proximate other

15 data heads. -High bandwidth positioning can excite the
structural modes of the drive -and cause vibration or
other interference which can interfere with the
positioning of adjacent data heads. Thus, ih™ a
preferred embodiment of the present invention, the sérvo

20 control processor 170 or microactuator controller(s) 174
account for the movement of other data heads on actuator
assembly 118.

A preferred arrangement is to include a single
servo controller including a MIMO servo controller

25 implemented as a digital signal processor (DSP). The
DSP has inputs indicating the head position of each
head, the relative position of each microactuator and
the reference signal from either the host controller, or
from the disc drive controller 166. _

30 FIG. 5 illustrates an embodiment in which
servo control processor 170 and microactuator controller
174 are combined into such a éingle servo controller,
implemented as a DSP 190. DSP 190 receives as its
inputs a reference signal 165 from the host system or



reference signal to coarsely position the data heads relative to the
corresponding di sc surfaces. Then, drive controller 166 provides the

data to beyowsrdsiean t o dat a condl tioning circuitry 168pcpRisedhohrsy t urn
provides 5 that information at an output 169 to the particular

transducers on the head gi nbal assenblies 116 so that the data can be
witten to the disc surfaces, in a knowpy. manner . In the
preferred enbodi nent, mcroactuators 10 158 have a range of notion which

I's in excess @iséhﬁrlve YK St o XEEE ﬁeeharar&& Mega 'Wﬁg%‘ﬁ% any two
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30 controller g{ option m cr oact uat or confr er(s)
174 are suitawedlfaf §'|eﬁ¢ﬁ~lttléfﬁem35}:1°n IV b ng7Bositt ieAtgosi hEl s to

m croact uat orged®8 tQith gbgpgb@nqu§lmng@5|§vgn al | ,g£¢n at okeaghea
Plural ity of i crosCfudlSrd e "2haNa 22upldh EPa 44 Y18 Neqdglcan be
15 each of the microactuators has an associated relative
position sensor 183 which senses the relative position
of the microactuator, relative to the voice coil motor
.(or actuator assembly 118). The relative position
sensor 183 can include any suitable sensor, such as a
20 capacitive sensor or any other suitable type of position
sensor. Thus, it can be seen that DSP 190 provides the
coarse positioning signal to voice coil motor 173 for
positioning the entire actuator assembly 118. DSP 190
also provides the fine positioning signals to
25 microactuators 158.

In the preferred embodiment, DSP 190 not only
takes into account the head position and relative
position associated with each head, but also takes into
account movement of adjacent or proximate heads (i.e.,

30 it takes into account cross-coupling of the heads) when
providing the microactuator output for each
microactuator associated with each head. 1In this way,
DSP 190 accounts for structural mode excitation when
positioning each of the individual heads. Also, in the



- 15- simul taneously aligned with tracks on a plurality of di sc

surfaces in disc pack 112. Wth this arrangenent, a nunber of
advant ages are achieved. For exanple, precise position control can 5
be accompMeMé2Bn each of a plurality of the data he RAS/US98/IDIGSS

al l ows precise and sinultaneous track following on the plurality of
data heads to all ow parallel read and wite operations. Further,
because t he bandwi dth of the m creds8tuator operation is nuch 10

hi gher than the voice coil nmotor, this arr angement

provi des theprﬁgf"FFFQ embodigent; c PSPy 190 qontroke tte (prmkidensi ty
on any given diSﬁuﬁbéhaéerejectM,al&ﬁacho%%(EofB?dﬁﬁxﬁ u?eaﬁiri%
e tFfack tdenar

non-linearity ens which limt t yof t he
current 15 ?fce?ﬁnéef a?cg‘dﬁﬁg?orc’f’%ﬁpﬁn t 876i mSPy  BFAYg-dehe WQ@
coi |l notor foimpmaikytol | ow ng. Further, since in the

pref err edgenbodi rrent .The ﬁ#ha?bfiffﬁg?ragsg?isﬁ i?rF;ZQ%e of {Dtl Qn V\/m ch

isin EXCess
m cr oact uat or%mb@ﬁbﬁ%eﬁ \I%,Qﬁelcahﬁﬁlﬁ,d @@I@Mecmmstﬁorﬁe g., kerks

operations (sgex-Pyey ag_goasf\y@,wclalggﬁl&“{ ﬁﬁﬂé@fﬁ‘un%eoﬂ’ét p&e@pto%ﬁ range of

notion of the mecr actuato mnimzes t excl

structural m)?i%%"? rEe "ﬁﬁ"s’%: the P"Eﬁﬁ%ﬂé’s inverdrigy of megmlromm\/ulm h

servo- controlsdﬁvmngoﬁﬁrolheysbémt 1$1€QJirﬁich DSP 190 is 1M5>‘1re%@%$ .or?] 158
e Wth the

present £5 ' {7oEh PERRY 18 By A LE B8, Saetay | SFErererd &® an
conventi onal Wsnvmwveand ctimmolelaeﬂh blylackerwmdl be discussed in
greater detail.
’ A nominal model is first constructed which is
primarily a set of differential equations that describe
15 the structural dynamics of the disc drive. This is .
indicated by block 192 in FIG. 6. In constructing the
nominal model, it is preferable that precise knowledge
'is known about the drive dynamics. This knowledge is
preferably obtained using empirical/measured data. :This’
20 type of information is used to define parameters in the
system model, and all of this information is preferably
used to construct a model from the first principles (or
differential equations).
Next, an uncertainty description is
25 constructed for the disc drive. This is illustrated by
block 194 in FIG. 6. The uncertainty description is
preferably designed to capture the drive behavior, along
with variations, associated with a large number of
drives. This data is used to modify the model
30 constructed in block 192.
Performance objectives of the system are then
specified. This is indicated by block 196 in FIG. 6.
Such objectives are provided to ensure that the model is
compatible with existing, and commercially available,



30 controller which is a single input/singe output (SISO system The
I nput is the head position neasurenent taken fromthe enbedded servo

dat a, andlwror}g/o L put typically drives the voice coil ”P%ﬂbs&s'fiﬁ%gh t he
u

power anpl'itrer 172. However, in controlling mcroactuators

-16- 158, the servo control systemof the present invention nmust
have multiple inputs and nmultiple out pu]tj The I nputs include the
head positions read fromthe enbedded.”=”~ servo inf-ormati on over which

the heads arg fl,yin a . b, DRy o] |-onal | i ncl ude the relative
positions of Eool¥ o%g oélgﬁ%)'?%g%f %ﬁ% r#%%%&%at rvsefiorper?%ﬂ’f ve°€o e voice
coi |l notor (eontemlsalgeonidbor whithe cam beplimpdemented in a vekdetyt he

out puts whi clygdky I8 HNY orf US4 Ppsationer (VCM and a nunber N
of the m croact ue?t\&%rs. 10 Q} &%%t%n??éaf robl em whi ch presents

itself to the presdit Fdak eckair thenwhvekidapedral i t FhéF ddsa
hedds ake shaildateDust bilduwsitapnad ris. ¢hatrnt BBort, thesimbgeni ng of |
one data head can be affect eg b)é t he, . Simult aneous osit"oni"gg of
adj acent or FPRETRAMESR NP ISR ReadS aHFBﬁuﬁ no‘v'/é)rbtt]ﬁo o8PERdNi ng can
exci te t he whicdt dm@aumkieftoﬁes af sylsee_dvr kvhéchn_donaaias_vh!mtaphdy ar
ad) acent dalRiiodE EheC ARk ibl ) bIE an pROSHAPALDOAEN |
present invemcise 6Rsczdptdon0 asomelol- profesarnay®l or ther Badedat or
control her (Skal4Hation problem is formulated as a linear time
invariant system with  norm-bounded structured
uncertainty and experimental data. Model validation is
performed by considering the model validation problem in
the frequency domain. Techniques referred to as pu-
15 analysis and pg-analysis are performed to determine
whether the model is consistent with the data and
whether the controller is consistent with the model.
Finally, the model is optimized using
commercially available optimization software.
20 Algorithms for computing p and optimizing are available
under the commercial designation MATLAB p-Analysis and
Synthesis Toolbox. This is indicated by block 198 in
FIG. 6. '
A. The Actuator Model
25 FIG. 7 illustrates a model 201 of the servo
actuator in accordance with one aspect of the present
invention. FIG. 7 includes blocks 200, 202 and 204.
Block 200 'is representative of the servo actuator
transfer function G,,. Block 204 is representative of
30 an additive uncertainty description, and block 202 is
representative of a multiplicative uncertainty

description.



account for the novenent of other data heads on actuator assenbly 118.
A preferred arrangenent is to include a single servo controller
including a MM servo controller 25 inplenented as a digital signal
processor Wa8mWp268 The DSP has inputs indicating the hepcr/pssiiasn of
each head, the relative position of each m croactuator and t he
reference signal fromeither the host controller, or fromthe disc
drive controller 166. 30 FIRo5 illustrates an enbodi nent in

whi ch servo control processor 170 and m croactuator controller 174
are conbined into such a singhe s&heoNooimadl Medel i npl enented as a DSP

190, " DSP 190 recei vess 35 4 the adfBd: HAELAFRSag] I kndSgofL0m he

host system or € drive
control ler 16§ BHomPwast Hetebobstfeaccurateln| chavackarhzef thee heads

181 (head O 'tyﬁﬁ.&ﬁll\bsystetﬂmﬁfﬁainiclsnm aRliisV heding NOA0SEhd Oﬂoﬂin% e head.
An. Utp"‘g’é om Dsclz %9: rovided to voice coil notor cM 173
whi ch dr| E} §ragepp¥pRfted sysgem pehavioyj ggen -

i |l ust r?t ets tdveetr BER mmreo\alm of dﬁ.@wdtrls'egnbéinbomﬁlhélléﬁ .then Ced
m cr oact uat or, or al so represente
by desi gr?ZFl]r}n nurrreeér afg[ﬁcg@gﬁ and’ %J% ngg{lfbl? &%@tﬁ%t%?vigo gsenbl y
118. The i njant giniPEr a gress dedlsof retedese kndmheldgm@sabomn shgnal s 171

fromthe rel g4aRte heads, as wel | as relative position signals 179 of

each of _t he .
10 In one preferred embodiment, the nominal model

is constructed in the frequency domain because worst
case extremes on system dynamics may include many higher
frequency structural modes which result in highly
variable transient behavior in the time domain. Because
15 the disc drive is open loop unstable, data is collected
closed-loop. This is accomplished by injecting
disturbances into the loop and measuring the input and
output to the drive actuator. For example, in a
preferred embodiment, frequency domain input and output

20 information is collected using empirical tasks. Also,
time domain responses to different types of inputs, such
as pulse or step inputs is collected. This type of
information is used to define parameters in the system
model. Further, in a preferred embodiment, finite
25 element analysis is undertaken to obtain structural data
for various physical components in the system. All of

this information is preferably used to construct a model

from ﬁhe first principles (or differential equations).
FIG. 8 is a plot of frequency 203 versus log
30 magnitude 205 which illustrates an open-loop transfer
function obtained for a disc drive. Data was collected
while performing a track following operation by
injecting a sinusoidal position disturbance into
measured head position and simultaneously measuring



heads with respect to VCM 173. Each of the m croactuators
I's shown coupled to a head 181. Al so, 15 each of the mcroactuators has an
associatg@ogiﬂigd've position sensor 183 which senses Fﬁ@bﬂhhye
position of the mcroactuator, relative to the voice coil notor (or
actuator assenbly 118). The relatlve position sensor 183 can incl ude
any suitable sensor, such as a 20 capgiltive sensor or any other suitable
type of position sensor. Thus, n be seen that DSP 190 provides the

coar se 05|t| in r [ ni ng the
entire gct uat %nggé%% %c\(‘%géﬂfgghh ﬁ@%#)?o prlc?\?ll desesfp‘ﬁgagf'% )
posi ti oni ng nemgrals 20t60 mpregentencthet negingyd. model of the dtusct he
preferred eﬂﬁe%aentneéa%%aﬂt%wahmew 208 fegi&%% o hheahead

position and relative position assocl at but aI SO
takes into Wheac*éﬁﬁﬁklﬁﬁ\}@rﬁ?htth@f P3Rj gerbrobleprigkitha @%é&‘%’ﬁ:e , 30

it takesgint QnECQQUnE'LsCEﬁésaﬁéﬂabén@fOEhéhﬁeaﬁﬁ£§a 8Bed. DaR&Owa@ Ng = the
m cr oact uat-or out ggt each m cro tor a ocCi a’;e(g wi th each

head. In thFSlH&FE atﬁl%‘%f‘é’cd‘&ﬁﬂ%l?'ora Pation
when pos&ﬁsanlog daeddof Of,heli nandi dal h@adat1AMsodlsnurbence

- 18- %EEESQe% ggg"s@t n?D§B%189 E??Efc%:?d{:ﬂ provide

dlsturbance ection unou ent excessi ve
act uat or current and Ebepngmnaélnmpéél was Ghosen to be a cascade

10 of second order systems given by:

Equation 1
1 c+2 iz"' S+1
K n Wz
Y(S) - = DCE ‘ Ng, & Ent.i u(s)
= 5%422-5410 L g24p R g4q
mn n mn:' npol

where K, is the actuator direct current (DC)
15 gain, n is the number of resonhant modes, for the it

resonant mode, i =1, . . . n, §, ; and o,  are the

damping and natural frequency of the zeros and £, and

@ are the damping and natural frequency of the

ap,.

poles. Similarly, ¢ and w, define the low frequency

20 behavior of the drive.
Also, in the nominal model described by
Equation 1, delay can be modeled. There are various
sources of delay in the disc drive. For example, the
pulse width wodulation (PWM) filter, the power
25 amplifier, the voice coil time constants, and other
sources, can all inject delay into the system. A



I munity. 5 The DSP 190 illustrated in FIG 5 preferably
enbodi es a nodel -based algorithm FIG 6 (e.g., blocks 191-199) is a
flow diagramillustrating one nethod in accordance with the present

i nvent i on VP 9%8%8 opi ng t he servo control systemin WhCTASBARIEO0 is
i mpl enented. 10 Each.block in FIG 6 will be briefly discussed as an
overview, and then each block will be discussed in greater detail.

A nom nal nodel is first constructed whgzh is primarily a set of
differential equations that describe 15 the structural dynam cs of the
disc drive. standard proqenlm@at efioby modeR ing? ipuFeéG de@layn in
constructing 0 I I s, prafara i's

know edge Eaﬁtmﬁg‘\iﬁ g%'g%t t he Srle%ed%lar%%(% %3? :SCB%%%‘V\F Egﬁ §
preferably obF‘éii‘é'dSu& ng enpirical /measured data. This 20 type- of

information i-'s used to define parameters in the systeguapash . 2and all
of this information is preferably . used to construct a nodel fromthe
first principles (or differenti al equatip_"s)i " - Next, an
uncertainty description is 25 const2w of—t he disc drive. This is
illustrated by bl ock 194<tix -G )6~ ertai nty description is
preferably designed to capture the drive_b a\(itgsxi al ong W th
variations, associated with a |arge nunbé&? 0f — 41 drives. This data is
used to nodify the nodel 30 construct et i n bI ock 192.

Perf ormance objectives of the systemare then specified. This is

I ndi catedsby block 196 in FIG 6. Such objectives are provided to
ensure that the nodel | Shere &(‘)rr]t_)gt Hglge dvgltak} e{% sélegghdand co.m’ret_[ﬁ:l ally

avai |l abl e,
frequency parameter, and £{.} is indicative of the

Laplace transform of the argument. ' ' -
In order to model time delay, generally low

10 order Padé approximations are adequate (e.g., first or
second order). Other robust approximations are also
available.

' 2. The Uncertainty Description . .

The uncertainty description desxgnated by

15 blocks 202 and 204 in FIG. 7 are used because an exact
mathematical model of the actuator system in the disc
drive is not possible. An exact model means that the
system can be represented by a set of differential
equations, where all parameters of the differential

20 equations are known. Under normal circumstances, it is
not possible to eScactly model a disc drive. However, it
is possible to define a set of models which "covers" the
behavior of the disc drive. Uncertainty modeling is one
way to define such a set.

25 In a typical disc drive, the disc drive
structure itself has <resonant modes at higher
frequencies. Further, the natural frequency and damping
of the 1low frequency mode is somewhat amplitude



-19- tools to optimze and finalize devel opnent of the control

al gorithmwhich can be inplenented in a variety of ways directly on the
di sc dri W&o 99/08268 The nodel is then validated. pcT/U$vsa0136s 5

i ndi cated by block 197 in FIG 6. In short, the nodel constructed to
this point is a robust control nodel which is a nodel for a system

whi ch contains not only a nodel of-ozhe system dynami cs, but an
uncertainty and noi se description as well. In general, the nodel 10

val i dati on pgepkafient.f oTAubzhed a®xdd,i iaarid idefined ibyagbma8tnonsyst em
W th normboimded tructured ngert ai nté igd expgrl rren]itaal data. Mbdel
validation i$in€ar, FYNIMEG, |\ Q8 it di8 Yy FREVASARE VvAFPRat PSRTHPE0l em i n
the frequenchydtrmesis, TEtexi quiscubtf erbiab t doasesorr ptcl5 afhesgeis and

[err]-analys .pecforymed t t eL B} ; e mogel ]

consi st ent w&gﬁﬁ%ﬁé?’ggtaa?r%d T&b%’e\/\he%ﬁggg%ﬁée% nt %gﬁégygﬂs consi %tﬁgnt Wi th
t he m)dgaE. uncertglnty dPiSﬁéllle—,llont-hg nodel is opti-mzed -using,
conweiclally ]avahlangopk Qbh'ﬂllﬁétﬁﬁtgs eaéta@ggenegﬁiéhgefy&h&slfor
conputing [err] ,and op zing.are availa under .t he copnef{cia

st gnat Lon’ RRILABI GRod i SRBBEasRE b7 BYATHe A0l THH T adhELvPe

i ndi cat ed byubkeekaid8yi.n Additive uncertainty describes ThehAct uator

Model 25 ._Fl 7 id | rates a nodel 201 of the servo °

actuator in 58&8?&'&ﬁ‘ge%\ﬁtt ﬁ’flor?g'ssté:s%‘esc‘t' of the present invention. FIG
7 includes bl ocks 200, 202 and 204. Bl ock 200 is reprEgeataehvé of the
servo actuator transfer function err]. Block 204 is representative of
30 an additive uncert ai sty @sGaipt o, Ed GFocditA2boL i s |
representative of a nultiplicative uncertainty descri ption.

where A(s) is a norm-bounded uncertainty perturbation
and W,(s) is a frequency domain weighting function. The
uncertainty - perturbation A(s) is norm-bounded so the
15 weighting function is used, in general, to specify_'any
frequency dependency on the size of the uncertainty.
Additive uncertainty is typically used to characterize
dynamic uncexrtainty. Therefore, uncertainty
perturbation A(s) will generally be thought of as a
20 complex full matrix at each frequency.

Additive uncertainty is typically most
effectively used to model high frequency dynamic
uncertainty, such as the resonant modes in the disc
drive. For example, there is little or no reliable

25 information about the dynamics of the disc drive
available ‘in a  frequency range greater than
approximately 2kHz. That is primarily because the
natural frequency and damping of these structural modes
vary from system to system.

30 The role of the additive uncertainty weight w,
is to introduce a floor on the system gain at high

frequencies.



- 20- 1. The Nom nal Model Gerr] is

t he actuator nom nal nodel. The role of the nom nal nodel is to
accurately characterize the typi cal system dynami cs. This neans that

t he noni N¥P 9988268 pdel nust be the average expected syst emBSEMEBI3Scen
over the entire class of disc drives being nodeled. In a preferred
enbodi nent, the nom nal nodel is devel oped by gaining a great deal of
preci se know edge about the drive.24-0 In one preferred
enbodi nent, the nom nal nodel is constructed in the frequency domain
because wor st cas&IS%tr 8mdsand Ly tehew P RoEs ofafreaurngy 28Ry hi gher

frequency stireebu@a{naga%ﬁdéhgm 588ui1118tbhEB| ¥he useVati aBaerivansi ent
behavior in the ti

in. Because 15 the disc ve
unst abl e, da?§°F§t@c}F‘lté(ct et FIC. Jdved PoBFRal m?%’?é‘ 1§83e3£ ﬁkﬁgshed by
| th ecti ng h212d| sindr kaomes iodosthbed | oamuaadama&urdmﬁérb lbjanEAand
output tg 't i ve actuator Far f e ed
enbodi nent , ? g &évc?yu (?r?tﬁ:%r?n‘lnr%:%tWhl % tsegot% i or na"[elft;én i S coI | ected -
usi ng enpi ri vamodadled dyxamwics PrOVlldBSd(ﬂIal enveippasdndicatied eb¥nt types
of inputs, syql. — riE PUSP ALINRRIOM e ehblbBik@he offN Enkype of

information IS uUsed to defline paraneters In the system
Further, inadditdver vageakadatieeioht functipn %4%nent analy5|s i s
undertaken to obtain sMuuetipidlcatdh@® uncertainty describes the

10 following set of systems:
Eguation 4

g:G(S) =Gpon (I+W, (YA (5)), ||A]|<2

where A{s) is a norm-bounded uncertainty

perturbation, and W,(s) is- the frequency-domain

15 weighting function. As with additive uncertainty, 4(s)

is generally thought of as a complex full matrix at each
frequency.

Multiplicative uncertainty is effective at

modeling low frequency gain variation. FIG. 9-3

20 illustrates using multiplicative uncertainty to account

for gain variation. FIG. 9-3 is similar to FIG. 9-1,

and similar items are similarly numbered. However, 216

illustrates an envelope for a set of systems with

multiplicative uncertainty at lower frequencies. The

25 role of the multiplicative uncertainty weight W, is to

provide an envelope around the nominal transfer

funection. " The envelope, in many cases, will be

approximately plus or minus 50% up to about 100 hertz,

after which it tapers off to less than 1%. FIG. 9-4

30 illustrates the multiplicative uncertainty weight

function 218 for the uncertainty 216 shown in FIG. 9-3.



for various physical conponents in the system All of this information

Is preferably used to construct a nodel fromthe first principles (or
di fferent iy ofighded | ONs) . FIG 8 is a plot ofpdhnd ?ﬁg_gy 203
versus |l og 30 nmagnitude 205 which illustrates an open-loop transter
function obtained for a disc drive. Data was coll ected whi |l e
performng a track foll ow ng operation 9% I njecting a sinusoi dal
position disturbance into measur ed“fiead position and si mul t aneously

measuri ng

coi |- not or
current and head p05|t|on Eethe m?del Showﬁuﬁ%réiGZO% rg%geigﬁFs Fhe
nom nal nodel tbeé dasigher is t@r$Qbectbﬁmgﬁakatmﬁyuwkﬁght308,Eapiéhents

measur ed dat ayn i chiRib ARG Ic¥ire P Hfa%aPl&mBﬂéal Eroh e éﬁ& drive,

5 and 210 is_the average of "the neasured data. Data was- ected at
the inner, nigui¥e WAghghtePeing GVely; IRODSETVH YN h3ame Q}Wpleand 3.

Posi tion di stgsbanseions aggl gliwdasinerec8% 10- QO%%ughamh wi ghlich .
The nor nal nogel pes.S0REN 10 Pedis Tt Y 38a°pH grder systens
gi ven by: E 886 GhE?  err]
219. |
Examples of additive and multiplicative
uncertainty levels in a typical disc drive arxe

10 illustrated in FIGS. 10-1, 10-2 and 10-3. FIG. 10-1
illustrates the estimated multiplicative uncertainty
220. FIG. 10-2 illustrates estimated additive
uncertainty 222 and FIG. 10-3 shows phase error 224 as
a function of frequency (used for delay estimation).

15 Note that additive and multiplicative uncertainty can
both be used for 1low, mid, and high frequency
uncertainty models. The designs chooses the uncertalnty
.model to simplify weights. Further, a plurality of
additive and multiplicative uncertainty may be used.

20 B. H,_and p-Synthesis Controller Design

Once the actuator model 201 shown in FIG. 7
has been obtained, the next step is to specify
performance objectives and design an optimized
controller for controlling the modeled actuator. FIG.

25 12 illustrates a block diagram of a track following
control synthesis interconnection 230 illustrative of a
disc drive. ©Note that system 230 includes actuator
model 201. Controllers are designed to optimize the
weighted interconnection 230.

30 In FIG. 11, the system blocks preferably
include controller block 232, actuator model 201, ideal
actuator model 234, synthesis weights 231 (W, and 233
(W,, which are placed on the current and tracking erxor
signals 235 (u) and 237 (y), respectively, exogenous



where K[err] is the actuator direct current (DC) 15 gain, n is the number
of resonant nDdes for the i[err] resonant node, i =1, . . n, [err]
and kv danpi ng and natural frequency of t he zer,0s and
[err] and 099’°8F@r r] are the danmping and natural frequencyCHUSIHIBI3S

poles. Simlarly, [err] and [err] define the | ow frequency 20 behavior of

the drive. Al so, in the nom nal nodel described by
Equation 1, delay can be nodel ed. Ther26are various sources of del ay
in the disc drive. For exanple, the pul se wdth nodulation (PW)

filter, the iBBWEF Zmclufding | epmmandedoiaffaedi | positionn¥mt §r) and ot her

sources, ca ébhtiaheﬁb dekayolh BEO2k ke (ayst A
-22- stggg gﬁgrocenure 8r noﬁ%?.ééy u%e }azss (ya)'con%?%uous time

is to use a Pafd ro YRS ddsturbange) 243 (dn: lnP“t ‘weight 259 .
Equation 2 (wygg) , output weight 261 (w,) and position” disturbahce

5 245 (d,), -and controlled outputs 247 (z1)-and 249 (z2)
corresponding to current penalty and tracking error,
respectively. o

In the preferred embodiment, controller block

232 is preferably provided in a two-degree-of-freedom

10 control configuration including compensator K, and

precompensator K,. Precohpensator K, is included to

improve the transient response of the closed loop
system.

The interconnection shown in FIG. 11 is

15 preferably designed to satisfy the following equations,

which describe actuator current penalty and tracking

error. _
’ Equation .5
K GK
Z=Waor e Mu—gr, M
% %
Wy W,y dy+ W, —2—
W1-GK, % ° "41-GK, ® Wait
20 Equation 6

GK, _G_
22- Wp(ﬁ}?‘doeal)Wzr-FW —GK did

Wy dy+
P16K2d°° plGsz

The interconnection shown in FIG. 11 can be
simplified to an equivalent 1linear fractional
transformation shown in FIG. 12, which includes



[err] 5 where t[err] is the delay in seconds, s is the

frequency paraneter, and [err] is indicative of the Lapl ace transform
of the argu¥Boiss In order to nodel tinme del aypcgeswneissy | ow
10 order Pade approximations are adequate (e.g., first or second
order). O her robust approxi mations are al so avai |l abl e.

2. The Uncertainty Description 27 The uncertainty description
designated by 15 blocks 202 and 204 in"FIG 7 are used because an exact

mat hemat i cal t ct DSt in i s JE,Vey s NOt
possi bl e. Aﬁgggg%%géﬁde.sﬁﬁans tﬁat thg%?' éﬁgtgﬁ?%%ﬁt%éﬂégp?ggihted by a
set of diffebdnepy fractionalteransipenetipnspblbhel axe frementiYerenti al

20 equati onggafeiknpdRernUsdaErBer Khleoih’ COTHidIETy iHodstion FOFf -
possi ble to exactly nodel, a disc_drive wever, ssihle to

d . it LS R
define a set 19FeRGIBREHAPRR © o}ép§artﬁXStemﬁxﬂiﬂﬂ(ﬁaQﬁP§ré¥Qﬁ_ Carive
Uncertai Bty s@daki agmathenaticalwagpresdeitiatisudf a ddtockRMdiagram In a

typi cal disc dri.ve,.. .t Is rj u r jWself has resonant
nodes at hF@H@%S%ingf?gqgéﬁgﬁgébigﬁkfhgﬁﬁ&%%%¥ﬁ§¥ﬁ$%] frequency and
danpi ng of the | owFrpaqtbecpFFoghown donFlifat 1ghpltheideesulting

H, optimization criterion is as follows: -

10 Equation 7

K=arg min|F, (Fy(A,G) , K) |.where, Am,oAA:SC'

jAl.<1

where F, (FQ (a6, G), K) illustrates the

feedback interconpection WoZ ; |
15 where || . ]. illustrates the induced w-norm of

the argument; and
where C is the set of complex numbers.

For robust performance, a closed loop system
shall have a controller, K, which stabilizes the set of

20 plants:
Equation 8

{p:P-F,(A,G),VAeBA},

where

BA,-{AeA,: }JA].<1}

25



-23- dependent. In other words, it is defined by sone non- | i near

dynam c, nost likely resulting from bearing hysteresis, flex circuit
bias forces, etc. These variations are nost effectively captured
in the SWOgHe86% ai nty description. Bl ock 2@®cTydssisaisst es t he
augnentati on of the nom nal nodel designated by block 200 with additive
uncertainty. Additive wuncertainty describes the foll ow ng set of
systens: 10 -28- Equation 3 [err]
where [err](s) is a norm bounded uncertainty perturbation and Werr](s)

is a frequency domain MedghtfuxfHemct isatisfile thencepegifokynagese ur bation
[err](s) is Mé&@g‘y@ded so the 15 weighting function is used, .in general,
to specify any frequency dependency on the size of the uncertalnty

Addi tive uncertainty is typically used to characterize Equafiom ®
uncertainty. Therefore uncert ai nt erturbation {err](s) wll
general |y be thought of as. AFPFul éorﬁ)léﬁh&lvlﬁﬁglﬁm x at each frequency.
Additive uncertainty is typically nost effectively used to nodel

hi gh frequency dynam c uncertainty, such as the resonant nodes in the

di sc drive. For thee-is little or or i ahl e 25

i nformat% on about thgﬁél naf;?%s Fof“hehl‘cﬁf%%l rtﬁl Ge an '{abltge i a
frequency rEalgeowing emm inequality @prbmm:e*quKHz. That is '
primarily because the Equation 10

o ;~2z;l<lo-~z|,, Vi, 5

where [jw » z|. = |F(F,(a, @), K)|, and w; » z,
10 is the transfer function from w; to %,.

Therefore, if controller K is designed to
satisfy || w'» 2z [|. < v then, from the H, optimization
criterion set out in Equation 7, and from the norm
inequality set out in Equation 10, the following

15 performance inequalities hold at each frequency w. '
Equation 11

' GK,

1-6K, (W) =Gigeas (TW) l( ( IWp(jw) iw, (Fw) ) "y

Equation 12

(Fw) < Uw, (Fw) fw, (Fw) |) 2y

ll -GK,

20



natural frequency and danpi ng of these structural nodes vary from
systemto system 30 The role of the additive uncertainty wei ght
w err] wdﬁ)/oﬁﬂis' ntroduce a floor on the systemgain at hp&husesitorss
frequenci es. - 24-

FIGS. 9-1 and 9-2 show a plot of frequency 209 ver sus magni tude 211 and
illustrate the use of additive uncgrtainty. In FIG 9-1, a nom nal

nodel is designated 212, and actual"“neasured val ues are indicated by
214. 5 Additive uncertainty which is used to account for é&g{ nodel ed
dynam cs provi des an envel ope indicated by 216. B E}%? =
illustrates one enbodi nent _of the additive uncertalnty wei ght function
218. Ml t i qu_&aLl(\g@) clor, ( Giniw,, dgwbhiBes the 10 fol I owing
set of systens: 1-GK, -Equation 4
[err] where [err](s) is a normbounded uncertainty
perturbation, and Werr](s) - is the frequency-domain. 15 _weighting
function. As with additive uncertainty, [err](s) is generally t hought
of as a conplex full matrix at each ‘Equation 14

o =)
|2 w1y W, 5w VD

5 In addition, the following actuator penalty

inequalities (actuator inequalities also hold:
Equation 15

K -1
11 2 (JW)|<(IW (Fw) EW (JW)I) Y

Equatioh 16

G . L . )
‘1_?1(2 (Jw)l< (qu(JW) ﬂWd, (Fw) l) ly

10
Equation 17

K (4 , T
ll’GKz (JW)|< (|w, (Gw) g, (Gwd ) 72y

Equation 18

K -1y
6K, (JW)‘<(|W (Fw) W, (Fw) |)



frequency. Mul tiplicative uncertainty is effective at

nodeling |ow frequency gain variation. FIG 9-3 20 illustrates using
mul tiplicative uncertainty to account for gain variation. FIG 9-3 is
sinilar tdVQPE826 o and sinmilar items are simlarly npabusdoIsonever,
216 il lustrates an envel ope for a set of systens with

mul tiplicative uncertainty at |ower frequencies. The 25 role of the

mul tiplicative uncertainty weight Wer+3o0o+4s to provi de an envel ope
around the nomnal transfer function. The envel ope, in many
cases, wll be apb¥ oxcast elBe pl geeor ihats 50Beup pex frbmnanckDO hert z,

after which ifndpRerscdd det |&§ts ltnhg&u ‘i{?ongl 1 - 9%1%§€ aél%]téséﬂ s the

mul tiplicative ncert ai ntx uncti on or the uncertainty
216 shown i nBS% zéJ ognance ¢ nstra nts on the system. Bquatiops511l .

G ven the nodiEfivieswai br&tking, cohstraliat0f Equatibg 60Siaa¥heiss dip sel ect

oncer 2By vl S WAk Metidonson WL GE ShucliS e

sinmple 5 esxqmzramst,armtn@n i¥3 MedSine)-al gamwidign diGtIrkande pl ot
frequency 2139 \éfé;I oS stt'f%ﬁx%lzthEﬂ PRAPEaEL ch{rrer%t %.fievé.llrbanﬁ & typi cal

Exanpl es of ad mul t1plicat uncertain
disc drive af@Igstiqn H§t1‘ﬁ§?édlprﬁ¢=rfe}3reﬂ@cpom nzem@tal@l@runmm 10-1

i [lustrates thejertiicHt efofutépebt&B1eVeunde®’ ¥ ddtion, and bias

10 current errors, and Equation 14 is a noise rejection

constraint.
The tracking constraint set out in equation 11
is placed on the system so that by selecting weights 233
(wy,, and 251 (w,), the designer can force the controller
15 to meet any desired response, if possible. For example,
the designer may wish to have the step response of the
actuator to have a certain appearance in the frequency
domain (e.g., w)vhen moving a track, or executing a read-
to-write offset). Typically, the weights will be chosen
20 such that the tracking constraint is heavily damped.
Ringing can excite structural modes in the drive, and
heavy damping tends to avoid this problem. It should be
noted that by providing controller K as a two-degree-of-
freedom controller, the present system provides an extra
25 degree of freedom to further enable implementation of
the tracking constraint. Also, the transfer function
Gigeax in Equation 11 is preferably designed to provide
the ideal i‘esponse to command offsets. Then, the
performance objective given by Equation 11 forces the
30 disc drive response to match the response of Gy4.... This
type of tracking objective is referred to as explicit
model following. There are also implicit technigues
which do not require embedding a model in the synthesis
interconnection, which avoids the additional states.



220. FIG 10-2 illustrates estimated additive uncertainty 222

and FIG 10-3 shows phase error 224 as a function of frequency (used
for del ay. ion). 15 Note that additive and nultipli '

uncert ai n@%%)gﬁr?& both be used for low, md, and high fréﬁr@#@@m”
uncertainty nodels. The designs chooses the uncertainty nodel to
sinplify weights. Further, a pIuraIggX additive and nultiplicative
uncertainty may be used. 20 H and [err] Synt hesis Controller

[ d h h
l?gzlnggbt ai ne}ciow?ﬁgrhe%%g% i ;%%[c%;l%x rgf)fere pre ?‘?%gqua%&glce lﬁz’@é'f i vesas

and design aze oﬁpennszmyler tocdesighler for controlling the nodel ed
actuator. FIG 25 = 12qpLl ysi te&n&‘ B'u@?lﬁtd' ):Q%n@etE:@?iggftﬂl InOW' ng

control synthesis interconnecCtion ustrative
Not e t hat syE?EﬁPE@BnPﬁcPGH%Er%éPEEtB?t out hﬁdﬁquéglonscéﬁtﬁaﬁléﬁs are

desi gnedst o ephblkezechdie track WEbYMbRENL nt@éﬁ@@”%@*é&&n 23 %@

In FIG t he system bl ocks grefera i ncl ude co h? er bleck
282 oot uat ofLACHEDABESE EAOHT SXoTeONs MOS0 T4t S b REREERE S ght <
231 (Werr])mandta3s tlght(ﬂ%&ck}#gmperﬁoamanpéanndennthhsecnbtmau and

{520k S Bherar o, WAkE i) W Pdhablle, | TSR SpkesATIITONE
sensor noi seresules) 1nsagheatqegpoeﬂ:é¢n] ?ndv%@b‘hﬁlt}’ error at the
10 time the tracking controller is switched on. In
addition, user configuration subjects the disc drive to
translational and rotational shock and vibration. Good
tracking performance thus requires the servo system to
respond quickly and attenuate both persistent and step
15 oxr impulsive bias current, torque, position.and‘velocity'
disturbances. Furthermore, excessively high amplitude
or long time constant ringing is generally highly
undesirable in such systems. These requirements are
captured well by norm-constraints on specific transfer
20 functions. The effect of bias current and torque
disturbances can be minimized,through.attenuation.of the

norm-constraint set out as follows:

Equation 19

(JW) S“d zzL

|1 ~GK,

25 iﬁ gome proscribed frequency range.
Fast response results from more attenuation
from DC to a critical frequency. Ringing results from
peaking in the transfer function.



267 (Werr]), current disturbance 243 (d[err], input weight 259

(Werr]), output weight 261 (Werr]) and position disturbance
(d[err]), and controlled outputs 247 (zl) and 249 (z2)
P8EPESy and tracking error, respectively. PCT/US98/10135
controller block 232 is preferably provided

to currentW

the preferred enbodi nent,

In a two-degree-of-freedom 10 control configuration including
Klerr and preconpensat«@2K[err]. Preconpensator K[err]

conpensat or
i ncluded to
system

designed to
current pen
Equation 5
Equation 6
can be

t ransf or nat

10

15

20

25

i nprove the transient response of the closed | oop

5 245
correspondi ng

In

i's

THn ik asrlsonpestkdonsdbsrurbahtés akke ntnimizggef er abl y

3} | S el £ 4 OWi ng equati ons, whi ch descri be -act uat or
al t'y and tracking error. '

[err] 20 Equation 20.

[err] The interconnection shown j-n FIG 11

sinplified to an Jequyv t |.i_near fractional.’
i on shown in FIG 14,1%&23?9’345?%53@ -

The attenuation Equations 19 and 20 can be
obtained by setting the performance weights in Equations
12 and 13.

While the system is not able to filter or
reject sensor npise, it is preferably designed so that
noise is not exacerbated. This might occur if there was
peaking in the transfer function set out in Egquation 14.
The term peaking generally denotes gains of 0dB or
higher in some frequency range. Peaking is generally
used to refer to unwanted amplification in a closed-loop
transfer function. It should be noted that where there
is large gain, this transfer function is nearly unity.
Thus, if there is excessive noise at those frequencies
at which the controller is expected to have high
performance, it is generally desirable to incorporate a
noise filter using a priori information about the noise
spectrum. In disc drives, this is often accomplished by
utilizing a repeatable runout compensator which locks in
on repeatable noise caused by written-in error resulting
from the servo track writing system.

The actuator constrainte set out in Equations
15-18 include a tracking constraint (Equation 15}, an
input disturbance constraint (Equation 16), an output
disturbance constraint (Equation 17) and a noise
constraint (Equation 18).



-27- controller 261, actuator 263, and uncertainty 265. Li near
fractional transformations (LFTs) are frequently used in nodern control

t heory tow%%gtys'%d‘sy notation for i nterconnections of |i pgﬁhsiﬁﬁﬁg’m, and
oC

can be thoug of as a mathematical representation of a I agram
consisting of |inear blocks with feedback. From the LFT shown
in FIG 12, the resulting H err] o_pﬂln'zation criterion is as foll ows:
10 ~ Equation 7 [err]

wh F F : L lust.r at th feedb
[ ntegfcoglﬁ;cr:l [ E)n[ \?v[{]err](izl‘;ﬁ:‘r 5%019 O%)thémd;é%é’rg?‘ée&f]ﬁle&?t rsa?:g%e‘“f ﬁg&enduced

[err]-norm ofgrequency weights Wor Wy Wy, Wy Wy, . and w, which

capture performance requirements for the disc drive. 'If

.

the performance requirements are easily expressed in'the * -
5 frequency domain, then weight selection is simple.

Generally, however, there will be time-domain
requirements as well. For example, such requirements
may include overshoot, rise times, settle times, and
ringing, which must be converted to equivalent

10 properties in the frequenéy domain (e.g., bandwidth,"
attenuation, peaking, etc.). '

The actuator constraints (or objectives) set
out in Eguations 15-18 penalize the actuator control
signal. This preferably serves several roles. For

15 systems with little or no uncertainty, these objectives
can force the controller to roll off, hence limiting
bandwidth. Normally, howevei:, thesge objectives are used
to limit the magnitude of the control signal, minimizing
the possibility of control signal saturation in the

20 servo actuator.

Tuning the associated weights is an iterative
process, using data from simulation and tests to
determine appropriate weights.

C. Robustness and Model Validation and Optimization

25 Once the model has been developed and
appropriate weights have been selected, the xrobustness
of the modei is validated. 1In the preferred embodiment,
this 1is accomplished using H, and ' p synthesis
techniques. A matrix function g can be calculated and

30 used to analyze the stability and performance properties
of the interconnection structure set out in FIG. 12
which includes controller 261, actuator 263 and



t he argunent; and where Cis the set of conplex nunbers.

For robust performance, a closed |oop system shal |l have a controller,
K, which stabilizes the set of 20 plants: _
Equati on Q%0368 wher e 25 PCT/USIS/0135

- 28- And further satisfies the performance obj ecti ve:

Equation 9 [err] 3a-
uncertainty 265. p analysis is used for analyzing the
stability and performance properties of interconnected
systems subject to norm-bounded structured.uncertéiﬁty..
FIG. 12 gives the general interconnection with
5 structured uncertainty which is appropriate fS;f il
analysis and p synthesis. ' -_
After the matrix function yu is calculateaifor
the system, the function p; is calculated. Ky is an
extension of the u framework where perturbation blocks
10 are divided into two sets, one satisfying maximum norm
constraints (similar to u) and the other satisfying
minimum norm constraints. It will be seen that such a
formulation solves a model validation problem.
Computable lower and upper bounds for Ky are generally
15 known. f
In essence, after synthesizing a controller,
it defines the maximum sizes of disturbances, noises,iand
model uncertainty for which the closed-loop sysfem
preserves stability and performance. For a given set of
20 data, model validation p,-analysis defines the minimum
sizes of disturbances, noises, and model uncertainty
necessary for the model to fit the data. The closed-
loop system is robust if the controller is capable of
preserving stability and performance on the actual
25 system. Simply put, if p(w) is less than By (W) V weQ
then the model is consistent with the data, and the
controller is consistent with the model. Therefore, the
closed loop system is robust over the frequency set Q.
FIG. 13 is a graph of frequency 271 versus -
30 magnitude 273, showing stability and performance
robustness for a closed-loop tracking controller. The
pg function is designated by 242. pu(w) for performance .
objectives is designated 244, and p{w) for stability is
designated by 246. At each frequency, the closed-loop



5 Therefore, from Equations 5, 6 and 7, the foll owi ng norm

I nequal ity «can be derived: Equati on
10 [err] where [err]jw [e =
[err]F[err](F[mersrs]([err] G, K [err] and wWerr] z[err] ?g]m%éﬁ{n&;es
transfer function fron1m{err] to Z[err]. Therefore, if
controller Kis designed to satisfy. %err]z [err] < [err] then, fromthe
H err] optim zation criterion set in Equation 7, and fron1the nor m

d at_each

nequal Iy sebyQiln! B5EQUHIRT, 10 S %ff& 209 148 REKLE JANCe gy

I nequal ities h

Equation 11 [§¥}Flcal frequency range in a disc drive occurs wﬁqmgt|on 12

20

10

15

20

25

30

the structural modes are wuncertain (that is, above .
approx1mately 1-2 kHz). Thus, it can be seen from FIG.
13 that the closed- -loop system may lose stablllty in the
frequency range from 2 kHz to 4 kHz. There are some
frequencies in that range at which p, drops below pkb)
for both stability and performance analysis.
By diterating on the uncertainty and
performance weights, stability robustness can be
improved. This requires either increasing the
uncertainty level or reducing the desired performance
level (or both). Each iteration requires the pu
robustness analysis to be recalculated and the
uncertainty - and performance weights to be tuned

. appropriately.

Tuning the controller in accordance with the
present invention is preferably conducted in two stages.
The first stage is simulation, and the second stage is
implementation. In both stages, open and closed-loop
data is used to evaluate the effectiveness of the
control design. Based on this data, the nominal model,
uncertainty weights, or control performance weights, or
all of the above, are adjusted.

One simple tuning technique is to adjust the
frequency weight w, in the performance constraints set
out in Equations 11-14. This will directly affect all
of the relevant performance objectives. In this way,
the bandwidth of the controller can be easily adjusted
by multiplying w, by a scalar, without resorting to the
more complex process of adjusting each of the other
frequency weights in the performance constraints set out
in Equations 11-14.



-29- Equation 13 J[err]

Equation 14 [err] 5 In addition, the foll ow ng actuator
penal ty inequalities (actuator inequalities also hold: i A
Equati on W?g Equation 16 PCT/US98[10135] 10

10

15

20

25

30

-36-

This type of tuning can be advantageously
employed when initializing a new servo controller on'a
new disc drive product. The weights from the previodus
generatlon design can be used, with a scallng of w,:to
reduce the bandwidth on the new disc drlve product until
design specific weighting is complete. This .can

potentially lend itself to initializing a new product.

more quickly.
In addition, one parameter can advantageously
be tuned on-line -- the 1loop gain of the servo

controller. In fact, the loop gain can preferably even _

be tuned on a per drive basis. For example, by scaling
the servo controller, the loop gain can be increased or
decreased resulting in an increase or decreases in
closed-loop bandwidth.

FIG. 14 is a flow diagram including blocks

308-330 illustrating the above-described process by’

which the disc drive model is validated and optimized.
First, all of the weights for the uncertaisity
description and the performance constraints are chosen
by the designer in order to design a model. These items
may, of course, be chosen intuitively, or through
experimentation. This is indicated by blocks 310 and
312.

Next, the matrix function u (w) is calculated
for conducting p analysis on both stability and
performance. This is indicated by block 320. The
function p(w) can be calculated (or the upper and lower
bounds of that function can be calculated) using the
techniques described above, or any other known
techniques.

pg{w) is then calculated using the weights
chosen in block 310. This is indicated by block 322.
As mentioned above, once u(w) and u,(w) are calculated,

A



Equation 17 [err] Equation 18
[err] - 30- It can

be seen thmgglmsg)erfor nmance i nequalities set out in pgyrisedigissil- 14
act as a set of performance constraints on the system Equation 11

defines a tracking constraint, Equation 12 defines an 5 I nput
di sturbance rejection (rotational vipyation) constraint, Equation
13 defines a position disturbance rejection constraint which includes

current di Stlﬁ’v}@%ngs ar&l RROWAD, Wibdshken-due &h{P{mif) gle%'%aﬁl atabl e

r unout rejectio non- r epea %I e “runout rejection,

current err oSk a’()’attlh@nmfﬁiel S’rnGF@emPQFéCFPoﬁlt thecé@&ardlw
The tracki nghé)rtﬁdﬂsﬁsmerstetwﬁtﬂﬁ tneeau@hl)orisllknown fooml aged angdle. system

so that by S% he tnlla%m\'\% %hts of uncertainty which the controller
5 can tolerate and still.maintain stability and to meet A
the performance constraints is also known (from p) —
Thus, the next step is to compare pu with g4 .to
ensure that p is 1less than p; at all desired
frequencies. If this is not true, then there are some

10 frequencies in the subject frequency range at which the
controller will not achieve robust performance. In
other words, there are some frequencies at which the
controller will be destabilized, or will not meet the
performance constraints, or both. In that case,

15 processing reverts to block 310 in which new weighting
functions are chosen. This is indicated by block 324.
p{w) for performance and stability analysis is then
recalculated, as is yu,, with the new weighting
functions. This is indicated by blocks 310-322.

20 However, if at block 324, it is determined
that g is less than pu; at all desired frequencies, then
robust performance will be achieved by the controller
obtained when using the weighting functions chosen at
block 310. This is indicated by block 326.

25 It is next determined whether more
optimization of the model is desired. If so, processing
reverts to block 310 where new weighting functions are
again chosen. 1In order to optimize the system, the
weighting functions can be adjusted to provide better

30 performance, or less uncertainty, or both. u and p, are
calculated using those new values to determine whether
the controller will still provide robust performance.
This can be repeated until optimization has reached a
desired level. 1In other words, this can be repeated



(Werr] and 251 (Werr]), the designer can force the controller 15 to

neet any desired response, if possible. For exanple, t he desi gner may
wi sh to have the step response of the actuator to have a certain
appear anc¥Oi%H0826% fr equency domai n (e.g., when novi n@CAYSIHIY3S of
executing a read- to-wite offset). Typically, the weights will be
chosen 20 such that the tracking constraint is heavily danped.

Ri ngi ng can excite structural nodes in3Bhe drive, and heavy danpi ng
tends to avoid this problem It should be, not ed that by providing

control | er KAELL Ehe- AWYyRE- 9f - conseryagigamisotbeomasel Hias hesrent

system provi gegueed exbr dbtain dggaesiekd RedReRdahde! 1B9EICNIH B e ,
t he.trackin raint,., Al so, transfer function

i mpl tation, . . . th

IG[me)rrG]neinnaE;%Q%f%nmfinitél @er%b?&ngggigﬁé'd_"fr&‘ﬂ? obfr g 18_35' §%eal

response to penfermiantésihsthe Fubjectt BeequencyerboigmncOmiy attiis/e gi ven

by Equatgon flqforoessthe 30a ndi a6l b¥eshanIse Y& WA hasponse of
i s ype of jective |

Jerr]. racking o i Sreférred to ay explicit

model fol | ovodel hzehesdy cvalidatedl Apft thecreertreller hajsi dieefo not
require embegg i FedDOEd i IdsSYed hedint, add! KONRRGEIAD, Mhich
avoi ds the addjtional 31

ates. -31-
However, expfi ?'Ea?'%{:ﬂihﬁu%gma}ﬁtﬁr@PEPr thati kbe cppFroller £3% & sinpl er
to design. implemented. ThRisnpstiaddcatepubydiblodkizanes maida3oan

perfor ce constrai n#;ts %Jfgéflilgaggggt L)%n%h%zc%?ﬁi_r]b%.le% enabl e the_ track

fol I ow Servo syste n & al Signal Processor (DSP

After obtaining the transfer function for the

controller as described above, the frequency domain

15 transfer function has discrete time state-space
realizations as follows:

Equation 21

x(k+1) =Ax(k) +Biz (k)
y (k) =Cx (k) +Du (k)

20 where
x € R* is a controller state;
u € R® is a controller input {(e.g., derived
from the position error signal (PES));
y € R? is a controller output (e.g., an output
25 to the voice coil motor and/or a microactuator);
A, B, C, D are métrices of suitable dimension;
and
R*, R™ and RP are n-dimensional, m-dimensional,
and p-dimensional vectors of real numbers, respectively.
30 However, implementation of this discrete-time-
system onto a digital signal processor can present
problems. As described in the background portion of the



di sturbances from exogenous sources, and to therefore mai ntai n tight
tracki ng performance under these nor mal operating conditions. For

exanpl e, wesesiksarri val results in actuator position pussslionst y
error at the 10 tine the tracking controller is switched on. In

addi tion, user configuration subjects the disc drive to transl ati onal
and rotational shock and vibration. Goggl. tracking perfornmance thus
requires the servo systemto respond qui ckly and attenuate both

persi st ent 31€8t16n, OEhos® Pl genealeyt relataueo @8511hgn and
vel ocity {: tugbances. . Furt herforf texcesmg,elg %gh Eﬂ%l I tude or
long tinme cofiStBntiPFREPRGLRES gefidt GriSEHPRmI yWhich | piverilgye thesuch
syst _e][n_s. t Thts?iseggi cepau%_sYarehe Tgen;jmhr?ﬂnﬁa@tmn&mrm‘e@ﬂsggai nts on
specific tran unetd.ons i reng. and”f or que
di sturbance?“%%ﬁhge b e ze d tﬁ?ougﬁo ate{rgc?\iuoaoaflon %ﬁgﬁﬁé élglai
nor m conSt r apnocessorat bhefophverxsion of the discrete-time system ..

Equation 19 [871] rixed@%oint procedsdrSOMBnBl OBRE bedshEEIHRNCY, T ange.
Fast response_results from nore attenpuation fromDC to a_critl cal

frequency. Reh§P#BaELon P FEWRRTLZALHRRIGHELTH thFRe FRMFOLLRE i on.
FIG. 15 is a flow diagram including blocks

339-349, illustrating one preferred technique for
10 implementing the controller on a digital signal
processor in accordance with one aspect of the present
invention. Each of the blocks in FIG. 16 will be
discussed briefly, and then each block will be discussed
in more detail later in the application. First, as
15 described above, the matrices for the discrete time
state-space ‘realizations set out in Equation 21 are
obtained. This is indicated by 340,
) The states of the controller are then scaled.
In one preferred embodiment, under worst «case
20 assumptions, the bound of the controller states are
determined and a state transformation is undertaken to
scale the bound to a desired level. This significantly
reduces the possibility of overflow during the
intermediate controller calculations. This is indicated
25 by block 342.

The states of the controller are then
transformed into a more desirable structure. In one
preferred embodiment, the states of the controller are
transformed into a bi-diagonal structure which

30 significantly reduces computation time and the memory
requirements of the digital signal processor. This is
indicated by block 344.

Finally, the matrices are converted such that

the controller parameters are shifted from a floating-



- 32- Simlarly, position disturbances are mnim zed by

attenuating: Equati on 20.

5 The attenuation Equations 19 and 20 can be obt ai ned by
setting t B P83%Br mance wei ghts in Equati ons 12 and 1RCT/US98/10135

Wil e the systemis not able to filter or rej ect sensor noise, it is
preferably designed so that 10 noise is not exacerbated. This m ght occur
i f there was peaking in the transf@- function set out in Equation 14.
The term peaki n% gener al | y denot es gains of 0dB or hi gher in sone

frequency ralg¥: o gerfeegdyoint fommrt o r Ehedoinguihdis.ed

anpl i fi cati orave a.sclta&eﬁ |t@°§1é’51f§.f:§ﬂ§fl.9r réaﬁeE' efe qubntigdkdpe noted
that where there ain, this'tra ction_s nearly

unity. FFESES 1 1Pﬁ8F§ef1 ce%%l\?é’crﬁ}?tsaé’ tlr?d’ f r eqd€ncPES at
whi ch the comprefleraed sembpdinent; o tiawe dmtgi‘lmes a&%rfm it i S

general |, desiaahlieq LAFAGOLAEeR #8ryae! SETLLLEL VRLNG g priar !

i nformati on about spec ?offen
acconpl i shed the fracta@nal zhnr@rar mpb&rabegremmttomaade51®hidch | ocks

in on r apRRALARNE Nengs Eéuﬁﬁéléé{t&’&' &embek%&er resulting . from

the servo track writing system he actuator constraints set

out in Equations 15- 1% !(Cgidg% they %’r'gascd?%ttrl?ﬁ nt (Equation 15), an
uce, PVERAW di st ur bance

I nput di ??tur bance const r art

constr arfi (Equation 1@1eansdta?teno'evolutlon for the discrete-time
realization set out in Equatlon 21 is given by:

Equation 22

k-1
x{k)=AXx(0) +E AX1-vBy (v)
v=-0

i5 where x(0) is the initial condition.
' The present invention minimizes, or at least
reduces, the possibility of encountering overflow in tﬁe
intermediate controller calculations. In the prefe’fréd
embodiment, this is done by automatically scaling the
20 states of the controller. Thus, at each sample k, it
can be assumed (without loss of generality) that for
each input u;:
Equation 23

fu; (k) |sMM>0, i=1. ., .m,

25 where m is defined as the number of inputs to the
controller. Then, under the worst case assumptions, the
k™ sample of that state in the controller satisfies the
following bound:



constraint (Equation 18). - 33-

The role of. the designer is to select the frequency weights wWerr],
werr], wygydlszegWM err] ,wWerr] , and werr] which FeUsvs80135
performance requirements for the disc drive. If t he performance
requirenents are easily expressed in the 5 frequency domain, then weight
selection is sinple Ceneral ly, however, there will be

ti me-domain requi renents as well. r exanpl e, such reqU| rement s

may i nclude overshoot, rise tinmes, settle tinmes, and LR a whi ch
must be converted to equi valent 10 properties in the ‘flr equenCy donain
(e.g., bandw dth, attgnuati on, peakl ng, e c ). The

actuator constraints ® eh-v in Equations 15-18
penal i ze t he actuat orlg&kﬁr oI&t(bygzi Bu(‘ﬁ)\ s preferably serves several

rol es. For 15 systens with litt or no uncgrtainty, these objectives
can force the controller t@[ﬁ%doﬂk@heﬂeﬁad(ﬂiti ng bandw dt h.

Normal |y, however, these objectives e used to limt the magnitude of
the control si gnal m ni m zi ng possibility of control signal
saturation in the 20 serﬂb‘!’éﬂcm(@a\tlatz IA“‘”“IIIBI (M M,. TMiRg the associated
weights is an iterative process,\w&ing data fromsinulation and tests
to

where m and M; are defined as set out in Equation 23.
For a stable syétem (i.e., p(a) < 1), there
5 exists some integer, N, such that A" becomes
diminishingly small. Then, from Equation 24, the state
described by Equation 24 satisfies the following bound:
Equatlon 25

N-1 l
max,..|x (k) IS(): |AN"1_"’|]IB| (MM,...M)7T
v-0

10 The bound on the controller states given :in
Equation 25 (recalling that it is the bound on the worst
case sample) can be used to form a state transformation.

First, let T be defined as follows:
Equation 26

T-dia E |AN'1“’|)|B| MM,...M)T
v=-0

15
where diag (.) is defined as the diagonal matrix whose
main diagonal is the vector identified by the argument
(.). Then, the state transformation z=T(x) will satisfy
the bounds

20



determ ne appropriate wei ghts. C. Robustness and Mddel Validation and
Opti m zation 25 Once the nodel has been developed and
approprlate wei ght s have been sel ected, the robustness of the nodel ,is
val i dat ed¥ IW"FI%% preferred enbodi nent, this is accoMTEN&I0I3S| ng
Herr] and [err] synthesis technlques. A matrix function [err] can be
cal cul ated and 30 wused to analyze the stability and performance properties
of the interconnection structure set c#2-n FIG 12 whi ch i ncl udes
controll er 261, actuator 263 and

- 34- uncertainty 265. [err] analysis is used for Egqadlykdmg27he
stability and performance properties of |nterconnected systens subj ect
to norm bounded structured uncert@PﬁkyxZ sk 12 gi ves the general

i nterconnection with 5 structured uncertainty which is appropriate for

[err] analysis and [err] synthesis. After the matrix
function [err] is calc ed ctlo err]g is-
cal cul at ed. kerr]g |§Jhﬁrs e ex gnéfbnaﬁf% f%éi} SHhere
perturbati onfpldews:10 are d|V|ded into two sets one satlsfylng maxi mum
nor m 5 constraints (simlar to [err]) and the other %ﬂﬁd%ﬁ

m ni rum norm constraints. It will be seen that such a rnulatlon
solves a nodel validation PL% 4Z(k)§}§g¥g@ble | ower and upper
bounds for [err] are generalfyygg ROWY) +Du (k) In essence, after

synt hesi zing a controller,

It should be noted that a controller which
implements pure integrators cannot be stable since p(A)
= 1. In that case, there is no integer, N, such that AY
10 approaqhes 0. However, in many cases (and in particular
in H, and K-synthesis), the controller will not have
pure integrators, but may have a spectral radius near
unity. Thus, there will be an integer, N, such that A¥
approaches 0. Yet the integer N may be very large.
15 This implies that the state transformation set out in
Equation 26 will result in extremely conservative bounds
for all but the integrating states. Therefore, in the
cases where the spectral radius of the controller is
nearly unity, a suitable anti-integrator windup
20 technique is also implemented in order to further reduce
the 1likelihood of integrator overflow, with the
remaining controller states being bounded as described
above.
2. Transforming the Scaled States to
25 Reduce the Need for Computational Power
and Memory Capacity in the DSP
The discrete-time system set out in Equation
21 can have arbitrary elements in the matrices A, B, C

30 and D. Thus, at each sample, this could require up to



[err] defines the maxi num sizes of disturbances, noises, and nodel
uncertainty for which the cl osed-loop system preserves stability and
per f or manw@ oksEésa gi ven set of 20 data, nodel validati arciessshemsal ysis
defines the mni mum si zes of disturbances, noises, and nodel
uncertainty necessary for the nodel to fit the data. The cl osed-

| oop systemis robust if the controll e.r43i_s capabl e of preserving
stability and performance on the actual" system Sinply put, if [err](

[err]) is Iesewmanx[ eﬁm]m)([ﬁﬁu}:iph%a}:mns, tden t(hgpyodgl erﬁmmr)SI stent

with the data, dt i S con5| vmththerme
Ther ef or e, ﬁ(?dar{lon(ﬁ osggl?obﬁ é %‘g?ﬁ wRdegtyal %%cat‘?ﬁﬁ fite set
[err]. requlre aflﬁtpﬂ&tscalfgyabhrgé humheenof mmAthematiica30.

magni t ude 27 pgr § or ust,ness for a
cl osed- | oop & a(§<| ng cont ﬁ*ﬁqrﬂiﬁ%at% [%Irié] unc?zL S?s gg’m;bnat ed by
242. [ ebr]{ [exaqutedr byer tloe nigantrollenh| ecipwevers dwsinmatsddt® 4, and
[err]([err]) thms¥cpidtiiond,s the Hadbapatss %1%%11%51%”&%6“0%

t he cl osed-1 o0 systemis
robustly st alﬂcgilltfu{”ér 25 bg dranaticyldit reduped. CI’I tical frequency

range in a disc drive Qurwhe WidicRliment tiie wiiiliC thedlcomrden Jaire dcert ain
(that is, abqve. gqoprom mat el 1 2, kgzb%]/FThu it..ca be from

FG 5 13 WRhensnred 08803 oS cAPRES/ PARALE, PHTHY
frequendy r amgmtradmex k dananicdd-zformecanabe swpioyed tbra!:u:aio'i es in

that range algpy c{eEBhpQEQEioﬂ%hov‘éiﬁﬁﬂﬂé‘ét{iérx zﬁg[]s@ama%abi lity

and perfornmance ana By terating e
uncertainty € 1ment 'a preferred controller canonical form for
the controller realization set out in Equation 21 is as
follows:
is : ' Equation 29
z(k+1)=A_z (k) +bu(k)
y (k) =c z (k) +du(k)
where ¢, and d are arbitrary matrices; and
A, and b, are defined as follows: _
Equation 30
r 1
@y —@; ~@3 ~@; ~8g + .+ o+ . o« . s s o« o« . 8y
1 0 . « v i e e e e e e e .. 0
0 T e
A= ]
0 0100
0 010

20



10 performance weights, stability robustness can be i nproved.
This requires either increasing the uncertainty |l evel or reducing
the desir ggggnggrmance | evel (or both). Each iteration requires
the [er r?’ 8268 sbust ness anal ysis to be recal cul ated andGIAESI¥R0135
uncertainty and performance weights to be tuned appropriately.
Tuning the controller in accordance with the present invention is
preferably conducted in two stages. -%44-The first stage is simulation, and
t he second stage is 20 inpl enentation. In both stages, open and

cl osed- | oop data is used to evaluate the effectiveP@aatbentdd

control design. Based on this data, -the nqm nal nodel, uncertainty

wei ghts, or control performance wei ght$t dr all of the above, are

adj usted. 25 One sinple tuppng technique is to adjust the
frequency weight wferr] in the perfornggceg constraints set Coeut in
Equations 11-14. This will directly &fectf all ~ - of the relevant -

per f ormance objectives. In this way, |°°°| the bandwi dth of the controller
can be easily adjusted 30 by nultiplylhg [Werr] by a scalar, without
resorting to the nore conpl ex procgss jof adjusting each of  the other
frequency weights in the performance constraints set out i n Equations
11-14. - 36- Thi s
type of tuning can be advant ageously enpl oyed when initializing a new
servo controller on a where n is the number of states in the

controller; and

5 a; are coefficients of the s™! term in the
characteristic polynomial for A.

It can thus be seen from Equations 29-31 that,
at each sample, there are only 2n+l1 multiplications and
2n additions for the controller conical form

10 realization. This is drastically reduced over the (n+1)
x (n+1) multiplications and n x (n+l) additions for the
realizations set out in Equation 21.

While this state transformation may be highly

desirable for a SISO implementation, the canonical form

15 does not generalize well for multiple input multiple
output (MIMO) systems. Thus, in a MIMO implementation,
bi-diagonal realizations can be employed to obtain a
significant computational simplification.

For purposes of the present application, a bi-

20 diagonal realization refers to a realization where the
A matrix in Equation 21 is decoupled into a block
diagonal matrix of the real eigenvalues and complex
conjugate pairs. This results in a transformation of
the realization in Equation 21 to the realization as

25 follows: '



new di sc drive product. The wei ghts fromthe previous generation
design can be used, with a scaling of werr] to 5 reduce the bandw dth

on the newy@iosps26d | ve product until design specific ppghabiidiss S
conpl et e. This can potentially lend itself to |n|t|aI|2|ng a new
pr oduct nore qui ckly. In addition, one paraneter can
advant ageously 10 be tuned on-line _;z=_the |[|oop gain of the servo
controller. In fact, the loop gain can preferably even be tuned on a
per drive basis. For exanple, by scaling t he servo ﬁ&ﬂ&ﬁgbheg t he

| oop gain can be increased or decreased resultlng i RaaA I ner 8%se or
decreases in 15  closed-1o00p Jy k) +B, ulk FIG 14 is a flow
di agram i ncl udi ng bl ocks 3 3_bfit g? g t he above-descri bed
process by whi ch the disc drive ﬁﬁd |s va i dated and optin zed.
First, all of the weights for the uncertainty 20 description and the
performance constraints are chosen by the designer in order to design a

nodel . These whers By, ﬂayandfDcauesarbhErehpsmatkmbebnlwmky or~t hr ough
experinmentation. This is indicated by blocks 310 and ﬁé&gt ég 33
Next, the matrix function [err] ([err]) is calculated 1+3r conducti ng

[err] analysis on both stability and performance. This is indicated
by bl ock 320. The function [err]([err]) can be calculated (or the
upper and | ower bounds of that, function can be cal cul ated) using the
30 techni ques described above, #20r any other known t echni ques.
[err] is then cal cul ated using the meigh%gb chosen in block 310. This is
i ndi cated by bl ock 322. éf ment i oned gve once [err] and [err] are
cal cul at ed, bd

AC

where r is' the number of real eigenvalues of the
controller; _
C is the number of complex conjugate eigenvalue pairs
(n=r+2C) ;
10 each A, corresponds to the i*™ eigenvalue of A in
Equation 21; and
each A;eR*™ is a 2 X 2 matrix corresponding to the j*
complex conjugate eigenvalue pair of A.
Thus, from Equations 32'and 33 it can be seen
15 that for the bi-diagonal realization there will be n x
(m+1) + p x (n+m) + 2c multiplications and nxm + p X
(n+m-1) + 2c additions for each sample. In other words,
for each sample, the bi-diagonal realization set out in
Equations 32 and 33 has n?-n-2c fewer multiplications
20 and n®-n-2c fewer additions. Further, as the number of
states increases (relative to the number of inputs and
outputs to the controller) the computation for the bi-
diagonal realization is linear in the number of states,
versus quadratic for the standard realization set out in



-37- two things are known. First, the m ninmum uncertainty

required by the nodel for the nodel to fit the data (or be consi stent
with the %i‘ﬁ known fromJ[err]. Al so, t he maxi num anount of.
uncert ai nt Ich the controller 5 can tolerate and stiPEFT/HBIBAPESN
stability and to neet the performance constraints is also known (from
[err]). Thus, the next step is to conpare [err] with [err]
to ensure that [err] is less tham4érr] at all desired

frequencies. _If this is not_true, then there are sonme 10 frequencies in

the subject BBREAY #hnge Hi §RPEA( RLs0 becmeted | thati Itherobiachi eve

robust perfodimgemal kRransforfhlRebn\OEEs, beer&pﬁifeaonsefafgueEﬁhes at
whi ch t he tg%s{ktrollter WI|| .b destabllézed or  wll not neet t
per f or mance ¢ M-den .are yged hgt scalee thes stateesefng

reverts to bltdek @x&:rqim,cmmémbmhghtdmgse statesct i msarglpbagen Thi s
is indic ed- r o nceand bilit '
. %t e@x%.‘f:‘ingzlétlatels t{c? 15&1 {Qélggé& Oit‘htt és ng. bﬁti ng

analysis is as Is [err],
functi ons. TI‘Pir§la|rs i ¥Rl c&ﬂ-@élmbyebl (Sliks prevepe. 2@overflow in Howvbeer, if

at bl ock 324,1n|t@r4m%dqgttgr @allgqlatlontshat [err] is less than [err] at all
desired frequ ust performance wll be achieved by the

nci
control | er 3. %P&Vﬁéﬁél\ﬁﬁeﬁfué:?’ﬁgwaﬁé"\ﬁ&sgm Fd¥adrdqigHs Eppeak at
bl ock 310 This is indBeztedebytie odigdZ@l 28ignal proceséér ilsS anext

det erm g h tigu zation, of t S desjred. If
so, proceSS| r?m%% %°1ntm%{°%ttr°16‘|e%2k t?l fReFLhe ﬁéng‘hﬁer#d'nf%n‘élﬁ?ons are
again chosendlscmtér-&emet copprodiles musts et @onvieed to veei firedy

f t d t b I

unctions cae,ola«ata EB%hﬁgr anrgsea@% her 3 F&%ﬁﬁdﬂ@%}ew g @gose ow

uncertainty, " or err] are
val ues to detlg\pﬂtpmg g{p@r oatlng point numbers can

converted to a fixed-point equivalent using fractional
15 binary numbers. A fractional binary number is expressed
as a binary number followed by a binary point followed
by a binary fraction. For example, a fractional binary
number can be represented as follows: -
- Equation 34
N-1

(bN_I,le.zl LR ’bl’bO)Q_E bizi-g

I~0

20
where N is the word length (or number of bits
in the binary word);
Q is the location of the binary point; and
(by.i, byas - - . by, b,) are the bits in the
25 binary word. |
For the purposes of the present application,
fractional binary numbers will be denoted Qn, where n is
the location of the binary point. For example, a Q15
fractional binary number represents a binary number with
30 15 bits after the binary point.



the controller will still provide robust performance. This can be

repeated until optimzation has reached a desired level. 1In other
wor ds, thwo wamese repeat ed PCT/US98/1013538-
until the anmpunt of conservatismin the nodel has been reduced to
obtain a desired performance |evel, while still maintaining a
control-ler which provides robust Re-formance in the subject frequency

range. Once this 5 has occurred, and no nore optim zation is desired, the
nodel has been val i dat qdaearéiéukaawrﬁfothermaeﬁlaesnset oYl IiH 285k L0 a

desired poin nd t he .desi subst an aIIy conplete such that the
control | er &H‘ agongl %ﬂ%ﬂtl%l sifs | ng gues 3L and 330.
10 preferaiilye menvairited oo tﬁmdﬁ)rdrrail Iharnary numbers 1. a
Digital Sign Pr (%F’ transfer
function for %{hﬁepggﬁa:i%%ﬁt %dlm%rsltdets}élfsl ﬁgdagﬁé‘g'glg?kgd?#}égﬁéﬁ‘? domai n
15  trahsf eshifgdiaid dihe relkementys sef eeacht mabrixt amgidpdde matr:l.x

rEeE‘L][IZg;' (2)25 cah ¢ | PPresented in t%ll?+ld?s1red(%ractlo?al b:mary

y?k) =Cx (k) +Diy@per format. Thus, the 'fixed-pdint bi- d1agona1
realization set out in Equation 32 will be represented
as follows:

10 ' Equation 35

z(k+1=2%32222 (k) +2°2B.2u (k)
y (k) =2%¢Cpsz (k) +2%°D **u (k)

where s,, S, S; and s, are positive numbers
equal to the number of right shifts required to
represent each respective matrix in fractional binary

15 number (Qn) format; and

ASA BSB C’Sc and DSD c -espond to On
’ A ¢ orx
bd’ “bd bd bd P

representations of 27°%4,, 27°°B,,, 27°°C,,, and 27°?D,,,

respectively.
In one preferred embodiment, the discrete-time
20 controller realization set out in Equation 21 is
implemented on a fixed-point, 16-bit digital signal
processor with a standard arithmetic logic unit (ALU)
supplying signed and unsigned multiply and addition
instructions for 16-bit arguments. The products and
25 sums are internally stored in 32 bit form. In one
preferred embodiment, the processor is commercially



20 where x e Rerr] is a controller state; u

[err] Rerr] is a controller input (e.g., derived fromthe position
error signal éyaES)) y [err] Rerr] is a controller output
(e.g., anRYPEI825 to the voice coil motor and/or a m HTHEIHAPBE)

A, B, C Dare matrices of suitable dinension; and

Rlerr], Rerr] and R err] are n-di nensional, mdinensional, and

p- di nensi onal vectors of real nunbers,-48spectively. 30

However, inplenentation of this discrete-timne- systemonto a digital

si gnal pr oceSesionarast aserthe TMS32QB2%KE. DAR gezer Avadlpplendnsackgr ound
portion of thexas Instruments Empirical studles hav§9shown tyY i cation,

t hose probl ens ,gene relate to ter
cal cul ati ons"\ﬁﬂ‘g% {')%e F8w flih‘ee ng fré]’tg‘@f"‘téa et ﬁ@n%@ﬁéﬁzﬁr
conput at i onamarrirtesgndeasurement s, ambmtp;atsofpr@mﬂ(mialam@lta}:ﬂjegnal

i xed- pornt | SEEERtacr. | HEwERRYC 32 ues (0% ORI T M R

fi xed- point p ocessor, i mna
quanti zat i on fonr etatien atidhmaricol | er . FIG 15 is a flow

di agram i ncl udi ng bl ockgys, tﬁé%éé&ntlﬂd@ﬂatdmaaﬁ@e Rigf iRt dechni que
for 10 inplementing  the ‘controll égl tal , _si gnal rocessor

i n accordanc@shi& H“%Fl’éo‘asﬁ&t‘-nofanc fﬁpﬁﬂ"’e%fé‘?‘ﬁ and “pro¥ideg,a hé&m'ygf t he
bl ocks in Fl Gavkhtsiddodte technique for implementing a wodel-based

10 controller in a disc drive. The matrices for a discrete
time state-space controller realization are obtained and
scaled as in blocks 340 and 342 in FIG. 150. The states
are transformed to a desirable structure and the
matrices are converted to fixed-point format as in block

15 344. This provides a MIMO servo controller on a fixed-
point DSP for use in a disc drive (as in block 3%6)
which exhibits low possibility of overflow, has a highly
reduced regquirement for computation time and memory
capacity, and exhibits highly reduced quantization

20 errors.

Iin one embodimént, scaling the controller
states includes obtaining a diagonal matrix of the form
set out in equation 26 and performing a state
transformation using the diagonal matrix in order to

25 arrive at a new controller realization as set out in
equation 28. In the preferred embodiment, the state-
space realization set out in equation 28 has a structure
which reduces the number of required mathematical
operations to compute that realization, over that

30 require to compute a first state-space realization.

In one embodiment, the servo controller 170,
174 is a single input/single output controller and
wherein transforming the first state-space realization
to a second state-space realization includes



di scussed briefly, and then each block will be discussed I n nore detai

| ater in the application. First, as 15 described above, the matrices
for the dwacymsmsti ne st at e-space realizations set outpanussgueisson 21
are obtained. This is indicated by 340. The states of
the controller are then scal ed. In one preferred enbodinent, under
worst case 20 assunptions, the bound,gof the controller states are
determned and a state transformation £ undertaken to scal e the bound

to a desi redt&sﬁsgormha Tl ELEBE! ot are - JUCCRCL DA ROPSK DI LY Of

overfl ow durin nternedi ate contro |ons iSis
i ndi cat ed 25ca§yn5p§ékrggglzatlon as set que sna§§§a§ﬂQNu8%@ntKuller are

then tr agpbenhard Ieﬂmdam@ate; d@gier atﬂ&\%ﬂd&ﬁ@resteﬂ)n szﬁéludespreferred
enmbodi nent, the states of the controller_are trgnsforned inMto a

bi - di agonal ~ CSRVEEEPE thfi Wrﬁe%Fﬁn?ff%qﬂparlemmgmfﬁn time

and the BEanﬁneralR§QBEtedﬁﬁtSnOéqﬁhﬁldn93¢a|_SlgnaL processor. This is-

such that " the contFol1er Toar R HASETRIRd: Rt 1 PORRa FROuBRng.
- 40- pohnmetousatCharacﬁenxabxmsnunﬁbradwantageSOipg tWiasious care is
taken 10 ST OBRbbAIRELY S SFUGR PRBSAHRN AGERE Pl have HeliP sekNEOEERT 1O an
acceptable |evel. n  one . ‘ )
in the foregoing description, together with details of
10 the structure and function of various embodiments of the
invention, this disclosure is illustrative only, and
changes may be made in detail, especially in matters of
structure and arrangement of parts within the principles
of the present invention to the full extent indicated by
15 the broad general meaning of the terms in which the
appended claims are expressed. For example, the
particular elements may vary depending on the particular
drive or drive type while maintaining substantially the
same functionality without departing from the scope and
20 spirit of the present invention.



preferred enbodi nent, the matrices are shifted to 5 fractional binary

nunber format, |ocating the point in the fractional binary nunber

repr esent {’ﬁ@‘"@% a desired | ocation. This is indicated by bl ock 346.

1. Scal i né" Stes of the Controller toP RL0835er | ow
10 The state evolution for the discrete-tine realization
set out in Equation 21 is given by:

Equation 22 -50- J[err] 15 wher e
X(0) is the initial condition. The present invention

mini mzes, oM HEATIHGLAIMED d&itces, the possibility of encountering
overflow in the | e @R Yo %fcqmﬁl@rde%ftﬁ@ Quhéhb‘i”gase@ geligpreterred

enmbodi nent, thi done b omatically scalin he 2 st at es t he
control | er. Gﬂ{ﬁ"sr S"'Jt reéehgs‘g"lrjﬁb} signd Pr@&ﬁsﬁera@ﬁ%dlfé\ﬂ @m | oss of
general ity) ftdaitvef,orthe mee:arbld ldw@tnls[lefgr ]steps of.

Equation 23 [err] | S- defl e nu of | n uts,to t he
controller. Then, underz(% he vvorJS 1Es8 asss %ITB?I th ol {x sanpl e
of that state in the controloatreodfliesf;i es t he foI I ow ng bound:

{b) obtaining matrices from a first discrete
time state-space realization of the
stable model of the servo controller;

(c) scaling controller states of the servo
controller to reduce a worst case bound
on the controller states;

(d) transforming the controller states to a
desired format which reduces a number of
required mathematical operations; and -

(e) converting the matrices to a fixed-point
format suitable for operation in the
DSP. : g

2. The method of claim 1 wherein the scaling step
comprises steps of:

(c) (i) obtaining a diagonal matrix based on
the worst case bound for the stable
model of the servo controller; and

(c) (i1) performing a state transformation
using the diagonal matrix to obtain a
second state-space realization of the
stable model, the second state-space
realization conforming to a desired
worst case bound smaller than the worst
case bound prior to scaling.

3. The method of claim 1 wherein the transforming
step comprises transforming the first state-space
realization to a second state-space realization having
a structure which reduces the number of required

I

) O



-41- Equation 24 [err]

where mand Merr] are defined as set out in Equation 23. For a
st abl e sywommogiése., p(A) < 1), there 5 exists sone int@8RUsosibizs such
that Alerr] becones dimnishingly small. Then, from Equation 24, the
state descri bed by Equation 24 satisfies the foll ow ng bound:

Equati on 25 _[_.’?r_r] 10 The bound on
the controller states given in Equafion 25 (recalling that it is the

bound on themyehéhaticataseoser®t fonsan &8 UK td OF ik St & ona
tr"JmeO”mtIgg'alizai:.ion over that required to compute the first
state-space realization at each sample.

4. The method of claim 1 wherein the transforming
step .comprises transforminé the first state-space
realization to a second state-space realization having
a structure such that the number of required
mathematical operations to compute the second
realization increases linearly with an increase in a
number of states of the controller relative to a number
of inputs to, and outputs from, the controller.

5. The method of claim 2 wherein transforming the
first state-space realization to a second state-space
realization of the transforming step comprises
transforming the first state-space realization to a bi-
diagonal realization. _

6. The method of claim 2 wherein the servo
controller is a single-input/single-output controller
and wherein transforming the first state-space
realization to a second state-space realization of the
transforming step comprises transforming the first
state-space realization to a canonical realization.

7. The method of claim 1 wherein the transforming
step is performed prior to the scaling step.
8. The method of claim 1 wherein the converting

step comprises converting the matrices to a fractional
binary number format.
9. An. apparatus for implementihg a serxrvo
controller in a servo system in a disc drive, the disc
drive including:

a data transducer;

an actuator arm supporting the data

transducer;

A



First, let T be defined as foll ows;

Equation 26 [err] 15 where diag (.) is defined as the diagonal

mat ri x whqse 10826 mai n di agonal is the vector identified by the argunent
(.). Then"IR®®%Pate transformation z=T(x) will satisfy PCWH¥MBEAGs 20
-42- Equation 27 [err]
Thus, the new controller realization is as follows: 5

Equati on 28 z (k*83-=TAT[err]z(k) +TBu (k)

y(k)= CT[err]z (k) +Dua(k3isc

transducer;

an actuator coupled to the actuator arm to .
move the actuator arm and the data
transducer relative to the disc; and

a model-based servo controller, -obtained by
performing the steps of:

(a) obtaining a stable model of the
sexrvo controller;

(b) obtaining matrices from a first
discrete time state-space
realization of the stable model of
the servo controller;

(¢) scaling controller states of the
sexvo controller to reduce a worst
case bound on the controller

rotatable relative to the data

states;
(d) transforming the controller states
to a desired format which reduces a
number of required mathematical
operations; and
(e) converting the matrices to a fixed-
point format suitable for operation
in the DSP.
10. The apparatus of claim 9 wherein the actuator
comprises:
a microactuator operably coupled to the data
transducer to move the data transducer
relative to the disc.

-

L



It should be noted that a controller which
cannot be stable since p(A) r = 1. In that ca

i np
se,

| ements pure integrators
there is no integer, N,

such t hat wif ®rosdss 10 approaches 0. However, in nany cases Kcososnoils
parti cul ar in Herr] and [err] sxntpefgs), the controller will not have
pure integrators, but may have a spectral Tadi us near unity. Thus,

there will be an integer, N, such that Alerr]

a

pproaches 0. Yet the

integer N may be very large. 15 This inplies that the state transfornmation
set out in Equation 26 will result in extrenely conservative bounds
for all but the integrating states. Therefore, in the cases where the
spectral radius of the controller is nearly unity, a suitable
anti-integrator w ndup 20 technique,=? Isg,inplenented in order to

)

further reduce the likelihood of #i r

or overflow, with the

remai ning controller states beig 4pounded'as descri bed adve.

2. Transform ng the Scal ed Stat o 25
Conmput at i onal Power

The discrete-tine syst
elements in the matric

could require up to
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(n+p) x (mrm rmultiplications, and (n+p) x (n+m1) additions. This

i s highly undesirabl e because it would require an inpractically |arge
nunber of W&Z’% tical operations (nultiplications and additions) to
be 5 execlUl& the controller. However, using state PCT/US98/10135
transformations, the nunber of nultipliktat3 ons and addi ti ons can be
dramatically reduced. In the enbodi nent in which the
controller is i npl enented as a single input/single output (SISO 10
controller, canonical forns can be enployed to obtain dramatic
conputational sinplification. 1In such an enbodi nent, a preferred
controll er canonical formfor the controller realization set out in
Equation 21 is as foll ows: 15

Equation 29 z +1) =A[err]z (k) +b[err]Ju (k)

y (k) =c[err]z(k) +du(k) Fig' 2k where c[err] and d are arbitrary
matrices; and Alerr] and b[err] are defined as follows:
Equation 30 [err] XQ

122




-44- Equation 31 [err]

where n is-the nunber of states in the controller; and 5

a[err] arevoewb®egi ents of the s[err] termin the char petrasshioiss

pol ynom al for A It can t/hg§ be seen from Equati ons 29-31
t hat , at each sanple, there are only 2n+1 nultiplications and 2n
additions for the <controller conical form10 realization. This is
drastically reduced over the (n+l) X (gtl) nultiplications and n x
(n+1) additions for the real L agas _sist OLQ in Equation 21.

Wile this state transfornmatigQn t%_

8 — desirable for a SISO
| npl enent ation, the canoni calgf ormr eneralize well for
mul tiple input multiple tgﬁg( sygoenéb Thus, in a MM
i mpl enent ati on, bi -di a al\fat\Udns\gan=be enpl oyed to obtain a
np ai g'@ 4 A an7 npl oy _ ;
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significant conmputational sinplification. For purposes of the
present application, a bi- 20 diagonal realization refers to a realization

where the trix in Equation 21 is decoupled into a : .
di agonal W&t"?’."@“g}i t he real eigenval ues and conpl ex c8§}’8§§%‘“ﬁ%i rs.
This results in a transformation of 4 / tlBe realization in Equation 21 to

the realization as 25 foll ows: - 45-
Equat i on 32 z (k+1) =Alerr]Z (k) +B[err]u (k)
y(k) =Cerr]z(k) +Du(k) where Blerr], Cerr] and D are arbitrary
matrices; and Equation 33
[err] = o —
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5 where r is the nunber of real eigenvalues of the controller;

C is the nunber of conplex conjugate eigenvalue pairs (n=r+20C); 10
each {err{yfarpagronds to the i[err] eigenvalue of A in PCT/ESpEANIISN 21;
and eac [err] is a2 X 2 matrix gojfesponding to the j[err]

conpl ex conjugate ei genval ue pair of A Thus, from Equati ons
32 and 33 it can be seen 15 that for the bi-diagonal realization there
will be n x (mtl) + p x (n+mM + 2c nmultiplications and nxm+ p x

(ntm 1) + 2c additions for each sanple. In other words, for each
sanpl e, the bi-diagonal realization set out in Equations 32 and 33 has
nferr]-n-2c fewer nultiplications 20 and n[err]-n-2c fewer additions.

Furt her, as the -nunber of st at » NCr es (relative-te-the nunber of

i nputs and outputs to the cont Elgf) ae conput ation for the bi-

di agonal realization is linear in the nunber of states,. Ver sus
quadratic for the standard realization set out in ST

- 46- Equation 21. It should also be noted that the bi- . di agonal
transformati on can be ag@di-ed beLQr START 2 transformati ons -whi ch are
used to scale the state f t | I er, and bound those states.
This al |l ows
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5 integrating states to be isolated prior to scaling in order to
mnimze or prevent overflow in the i nternedi ate cal cul ati ons.

3. Conver §j,0 the Matrices to Fi xed-Point Format . cause

t he digi tgjloisafog{? | processor is a 10 fixed-point control IPQ,’USPWémEitri ces
whi ch define the discrete-time cdnt’rdBler nust be converted to a fixed-
point format in order for the controller to be i npl enrented on a DSP.

Fl oati ng poi nt nunbers can be converted to a fixed-point equival ent
using fractional 15 binary nunberg. A fractional binary nunber is
expressed as a binary nunber f igled y a binary point follqwed by
a binary fraction. For exanple, a'fr i othal bi nar 204unber c be

represented as f :
Equation 34 [err%b@\szo whel

%VONA?I t he V\orgyfezn%lth (or

nunber of bits in {he binary word); Q& the | ocation of
t he binary point; ' (b[errTT—DOfeTT] . . b[err], b[err])
are the bits in[The Yﬁncb,?.‘n d. For tHe purposes of the
present applicationt ractiongl bi nau,;n.u.nubaLsavm'zll Qe denoted n,
where n is he | ocation of thd bimary BERVO Fdr exarple, a Q5
fractional binafy nunber representls ajbi NACTUATOR]| W thy30 15 bits after
t he bi nary porfits - GNQM __..d),___..

LOG Fig. 8
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-47-
bi - di agonal" realizat
conver t edWOPM82481t i on

The el enents of the matrices set out
32 nust

i on
al

bi nary nunbers.
this is acconplished by right-

in Equation

In

in the
-be preferably
t he pref AOT&PYRISE i ment ,

5 shift/ing the el enents of each matrix

until the matrix can be represented in the desired fractional binary
nunber format. Thus, the fixed-point bi-diagonal real i zati on set
out in Equation 32 will be represented - as follows: 10
Equation 35 Zpdad1=2[ J]Alerr]Z (k) + 2[err]B[err]u
(k) y(k) =2[er ry-k +2 [err]D [err]u(k)
wher e S[err]M%@lﬂpr%err] and S[erry” are positive nunbers equal to
the nunber of righj W%mmwh respective
matri x infraction93inary 15 number (Qn) format; and} ..
S[err] S[err S [err] andl [err]
correspond to O & represeqgtations of 2[err]Alegr], 2[err] Blerr],
2[err]Cerr] and 2[@?%]D[err], respectively. » . 1 _ I n one
preferred enbodi i the discrete-ti 20 controll ec-1 'e@‘@ati on set out
in Equation 21 /iélo - ;S0 1 e
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i npl enented on a fixed-point, 16-bit digital signal processor with a
standard arithnetic logic unit (ALU) suppl yi ng si gned and unsi gned

mul tiply j.tion instructions for 16-bit argunent : product s
and 25 gﬂﬂgﬁﬁﬁé internally stored in 32 bit form In oﬁ%ﬂug%nsﬁgeferred
embodi nent, the processor is commercfal/l Y3

- 48- desi gnated as the TMS320C2xLP DSP core avail able from Texas
Instrunents. Enpirical studies have shown that using 16 bits (i.e., QL5
format) for the controller matri ces, measurenents, and outputs,

provi des acceptable 5 operation. However, 32 bits (@1 format) was
preferred for state arithnetic. Thus, the present

i nvention can be inpl enent ed as E!'yhogan an appar at us and
provi des a highly hﬁg{ﬁ? ageous techa¥fu o™ npl enent'i ng a nodel - based
10 control | ér i nMA@ ve. The matrices for a discrete time

st at e- space controll eﬂc‘bﬂ—z—&tdnm%a-n-ew&bt—ainne{d—&ndm,,—%ed as in bl ocks
340 and 342 in FIG 150.{The states. are transforned ‘to. 4 desirable
structure and the lﬁé}" —aFe ooaverted to fixed-point fformat as in

bl ock 15  344. ?hjsfﬁr virdés"a”M MOygervo controller on .a ffixed-

poi nt DSP for ugL'Fn_éC&fSC“drive (as T bl ock 346) whi gh exhi bits | ow
possibility of overflqg| jhas a highly reduced requirenert for
conputation tine and ry capacity, d exhi bits highlly reduced
quanti zation 20 error’bO_

211" 1o |

b

|(52.
103}
104}
65 P | PSPV | TV | ios 3ot T
100 10! 02 103/ 104 105
FREQUENCY (HZ) 209

waenruoe  Fig. 9-4

“30 U

TSIy TTrTYIT

21—
218

PERSPR WY |

100 0! 102 103 104 ) 105
FREQUENCY (HZ) 209




I n one enbodi nent, scaling the controller states includes obtaining a

di agonal matrix of the form set out in equation 26 and performng a
state Wwotgsases8 or mat i on usi ng the diagonal matrix in or ROTYISR@3IS arrive
at a new controller realization as set oug in equation 28. In the
preferred enbodi nent, the state- space realization set out in equation
28 has a structure whi ch reduces the nunber of required mat henati cal
operations to conpute that realization, over that 30 require to conpute a
first state-space realization. I n one enbodi ment, the servo
control ler 170, 174 is a single |npu [singl e out put control I er and
wherein transformng the first st g!’Pa | zation to a second
st at e- space regusﬁatlon i ncl

- 49- ¢F. ng the first state- space [ealizatYéﬁggz a canoni ca
realizati & {&s set out T h‘equatlﬁh 297 T Tahother\enbodl maht, the
converting stgp includes ¢ matrices typ aifractional binary
format as ‘ Fidk gl OULBRN: Bl At ; At is to be
under st oo¢iOt i Bvant ages of
vari ous : forth I n
the foregolLp , pct ure and
function 8 “lertous—erbodtine e AR . et C| osure i s
illustrativgdQp esgecially in
matters of 21




structure and arrangenment of parts within the principles of the
present invention to the full extent indicated by 15 the broad general

meani ng (e)tgg}&tzhaer ms in which the appended cl ai ns ar g&){ggﬁﬁ,?%g. .

For exanp e particul ar el &Ihrrent% may vary depending on
particul ar drive or drive typel i/l d3mai nt ai ni ng substantially the
sane functionality w thout departing fromthe scope and 20 spirit of the
present invention. N -50- WHAT IS CLAI MED
1S 1. A et hod of inplenentingdy ai;:l based servo controller in a
digital signal processor (DSP) in a dui ve, the nmethod conprising steps
of : (a) obtaining W)stgple e ervo
controller; (b) ob@im\hg mte first discrete
time state-space realization pf tlhe "'Q, st abl e nodel of the servo
controller; (c) scali1ng\con | l'er siBtes of the servo
controller to redude a wor ase \bound I P~ on the controller
st at es; { ()] trargo m Fres4 h C({ﬂtrof t%tes_ to a,
desired fornmatfwhi dh reducea er qr \J requirgd?
mat henmat i cal er atli ons; ' 6 .t_j ng.the mattices to a
fi xed- poi nt format suital operationin the® .
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DSP. 2. The nethod of claim1 wherein the scaling step conprises

steps of: - (c) (i) obtaining a diagonal matrix based on

t he vior st wegppestsgund for the stable nodel ofpdimesssacs
controller; and (c) (ii) parforpging a state transformation
using the diagonal matrix to obtain a second st at e-space
real i zati on of 't he stabl e nodel, the second state-space
realization conformng to a desired wor st case bound smal | er

t han t he wor st case nd pryg to scaling. 3. The

met hod of claim1 wherein the traﬁgj ndﬁep conprises transform ng the
first state-space realization to a_setond state-space realization having a
structure which reduces the nunberf pf requ}ed—2865

-51- mathematical operations t Py A GOl t he second realization
over that required to conpute [Th pace realization at each
sanple. 4. The net hod of| cl & he transform ng step
conprises transformng the |firs : e realization to a second
stat e-space realization having a structure sugh that the nunber of
requi red mat hematical operatijons to conput p the second realization
increases linearly with an indqrease in a '

n
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nunber of states of the controller relative to a nunber of inputs to, and
outputs froam the controller. 5. The nmethod of claim2 wherein
transfornwgg(;‘ggssfl rst state-space realization to a second state- Sﬁace -
realization the transform ng St?f) conpri ses transf'%fl:'f‘ﬁJ P& first
state-space realization to a bi- di al 13 eal i zation. 6. The met hod
of claim2 wherein the servo control-ler is a single-input/single-output
controller and wherein transform' ng the first st at e-space realization
to a second state-sp al 4 i on of ansform ng step conpri ses
transform ng the f| rf@t ce rean 03@8 anoni cal realization.
7. The nmetk ~Yl Maer. e gt ransforning step is perforned
prior to the scg

thod of claim1l erein the

converting step|conprises conveyftt Te—ra p a fractional binary
nunber format. 9. An app i3y |a servo
controller in ajservo systemin aFQF\BUN’@Em'AINWd sc drijfve including:
a data transducer; an mb FOR%&@ f pportijng the dat a
t ransducer; : § a disc
rotatable relat{ve to the data ]
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transducer; an actuator coupled to the actuator armto

nove the actuator armand the data transducer relative to the
di sc; randyo99ns268 a nodel - based servo control |l er, obtai neATA)E98/10135
perform ng the steps of: 13 /(a3 obtaining a stable nodel of the
servo controller; (b) obtaining matrices froma first
di screte tinme st at e- space real i zation of the
st abl e nodel of t he -servo controller; (c)
scaling controller states of the servo controller to
reduce a wor st case the controller s
st at es; (d) transf®r t controller states .. . .=~
to a desired format which reduces a nunber: - “of reqqur‘ed
mat hemat i cal operations; and .= ). | s “;%
converting the matrices to a fixeg _ - p0|nt format
suitable for operation m 359 10. - ‘I"he 2
apparatus of claim9 wherein the actuptor conpri ses:* - U@ Lo
m croact uat or operably coupled to the|data " transducer to rmve
t he data transducer rel ptive to the disc.
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