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MODEL VALI DATI ON ALGORI THM FOR CHARACTERI ZI NG PARAMETERS AND UNCERTAI NTY I N
A DI SC DRW%Ew%% D OF THE | NVENTI ON 5 The present _invention

rel ates generalTy to a servo systemin a disc drive. Mre pBfTVSWHR, the
present invention relates to validating a nodel used to inplenent a
nodel - based robust servo control systemin a disc drive. 10

BACKGROUND OF THE | NVENTI ON A typical disc drive includes one or nore
magneti c di scs nounted for rotation on a hub or spindle. A typical disc
drive also includes MODEL AEIDARION ALGORE THM bFOGRhydr odynani c air
bearing 15 which flies _above each nagnetic disc. The transducers and the

hydr odynani c GHARRGTEE 14 ENG | PARAMETERS: AND (UNGERTAINTSad. A
drive controller is conventio | Y U r olling the disc drive
system based on conmands receﬁd%r@%&ﬁﬁg%tem 20 The drive
controller controls the di scrUELBEOFO THEt riygxarrd@r Mati on fromt he
magneti ¢ discs and to ,store infognation aQn tﬁegnagnetic di s

. An
el ect rofechani cal act uatDrPoperated AP ™S %fS?%%ﬁﬁiix,telﬁsed-loop
servo syst emeriee @Pstemcinavodisgg picivéy Morleugesrtimmulaxiyatohe arm

that suppor L3R tHiRfertidd 824 £c05 £66¥4{ £ad8$ABPLY mBRLE Mused to
implement 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 magnetic 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 some type of flexure or 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



in turn, supports the data head. The actuator noves the data head radially
over the disc surface for track seek operations and holds the transducer
directly ower9onsizd track on the disc surface for trackushssiolen ng
operations. Information is typically stored on the magnetic discs by
providing a wite signal to the data -2- head to encode flux reversals
on the surface of the magnetic disc represegting the data to be stored. In
retrieving data fromthe disc, the drive controller controls the
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head. In a gna
is then decoded by the drive controller to recover the
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. In 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



dedi cated servo type of system servo information is all witten to one
dedi cated _surface of a disc in the disc drive. All of the heads in
the disc QP82 e 20 nechanically coupled to the servo RERYUSHKIOLN i s
used to access the servo information. Thus, all of the heads in the

dedi cated servo disc drive are positioned based on the servo information
read fromthe servo surface. This type of s3stemallows the disc drive to
conveniently 25 _ execute parallel read and wite operations. |In other
words, with apptohies ereselutie) pesifdomings coBheomeshamicad antfsett e
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i nformation independently of the other data heads. Therefore, the
servo actuator is used to position each individual data
10 head while that particular data head is accessing
information on the disc surface. The positioning is
accomplished using the embedded servo data for the track
over which the data head is then flying.
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 reading 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 s enbedded on each track on each surface of every disc. Thus, each data
head returns a position signal independently of the other data heads.

Ther ef or ewg da@smer vo actuator is used to position each i ndpgrasgdiodest a 10
head while that particular data head is accessing information on the disc
surface. The positioning is acconplished using the enbedded servo data
for the track over which the data head is_fhen flying. Wiile this results
in increased positioning 15 accuracy and higher resolution in the
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Because of thes%uﬁP?Pé%gnces bet ween dedi cat ed
10 3. External shock and vibration, which can

be either linear or rotational or both.

4. Written-in position error which results
from tracking ‘errors which occurred when the serxrvo
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. In 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 zrunout. The amount of disc flutter is
dependent on the spindle speed and the stiffness of disc

substrate.



and enbedded servo systens, there is a trade off between servo sanple rate
and efficient user data storage. -4- In addition, there are many issues
in both sYOM¥hhi ch affect the positioning accuracy and BEE&ISI¥HHODF the
servo system Some of the nobst inportant issues include the followng: 5

1. Servo sanple rate. The sanple rate is |limted by the spindl e speed
and the nunber of servo sectors per track-5Rr an enbedded servo system 2.
Structural nodes in the arm and head suspension. 10 3

Ext ernal shock and vi bratBen, @Righ ERideient resulltiogr ﬁromomagﬁenab or

both. 4. VVitﬂﬁ&hédu@@ﬁihbﬁﬂlﬁhéa&fﬂy(H}déﬁuﬂfébQIO”WtraCking errors
whi ch occurred when the servo tracks were witten. This results in
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non- controllers which are composed of two components: an

observer and a regulator. The observer receives input

position information each time a servo sector is

10 crossed, and estimates position and velocity. The

regulator then provides feedback on the observed

signals. In a seek mode, the regulator typically zeros

the error between a reference velocity trajectory and

the observed wvelocity. 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 wmay 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 c¢oil wmotor 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



linearities result in rotational drag and hysteresis, particularly when the
actuator is noving at |ow velocities. 25 6. Non-linearity due
to fl ex cimocesroB2dei as forces on the actuator. | n other wordpctiusss/agéduat or
is coupled to the disc drive controller through a flex circuit. \Wen the
actuator positions the transducer at different radial positions on the
disc, the flex circuit 30 bias forces ongthe actuator can change. 7.

Disc flutter which results in non- repeatable runout. The amount of
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estimates position and VG&RCIt¥esenIh§nventlon addresses at least some
of these and other problems, and offers other advantages
over the prior art.
10 SUMMARY OF THE INVENTION
The present invention is directed to a system
which addresses one or more of the above-mentioned
problems.

A method is provided to obtain and validate a
15 model wused in implementing a model-based servo
controller or servo control algorithm in a disc drive.
A nominal model is first constructed. The nominal model
is augmented with an uncertainty description to
characterize variations in drives to be manufactured.
20 The model is constrained by performance objectives.
Weights corresponding to the uncertainty description and
performance objectives are adjusted until a desired
performance level is achieved while maintaining
stability in a desired frequency range.
25 BRIBEF DESCRIPTION OF THE DRAWINGS
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.
30 FIG. 3 illustrates a head gimbal assembly in
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.



regul ator then provides feedback on the observed signals. In a seek node,
t he regulator t échUIy zeros the error between a reference vel ocit

traj ectory e observed vel ocity. In track follow ng REIAESISAHA 15
regul at or zeros the error between the desired track position and the
observed track position. The regulator controls according to a PID control
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FIG. 8 is a graph illustrating a nominal model
10 with measured data, and average measured data taken
while injecting a position disturbance into the system.

FIG. 9-1 to 9-4 illustrate examples of
additive and multiplicative uncertainty and weighting
functions in accordance with one aspect of the present

15 invention.

FIGS. 10-1 to 10-3 are graphs illustrating
estimated additive and multiplicative uncertainty and
phase error on an actual disc drive.

FIG. 11 is a block diagram illustrating a

20 track following control synthesis interconnection in
accordance with one aspect of the present invention.

FIG. 12 is a block diagram illustrating the
linear fractional transformation (LFT) with a nominal
model augmented by -additive and multiplicative

25 uncertainty as used in the track following control
synthesis interconnection shown in FIG. 11.

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

30 FIG. 14 is a flow diagram illustrating a model
validation technique in accordance with one aspect of
the present invention.



-6- data head can be affected by the sinultaneous positioning of adjacent
or proximate other data heads. Further, high bandw dth positioning can
excite thevosdsfosrdour al nodes of the drive and cause vi brati egrusssiaoongi ng,
or other interference which can tend to interfere with the
positioning of adjacent data heads. The present invention addresses at

| east sonme of these and other problens, angl.offers other advantages over
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FIG 1 |IIustradescasdrfacérbnewhmchcdatdadsestored has an associated
head gimbal assembly (HGA) 116 which is mounted to an
10 actuator assembly 118 in disc drive 110. The actuator
assembly shown in FIG. 1 is of the type known as a
rotary moving coil actuator and includes a voice coil
motor (VCM) shown generally at '120. Voice coil wmotor
120 rotates actuator assembly 118 with its attached HGAs
15 116 about -a pivot axis 121 to position HGAs 116 over
desired data tracks on the associated disc surfaces,
under the control of electronic circuitry housed within
disc drive 110.
More specifically, actuator assembly 118
20 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
25 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
30 utilized for encoding flux reversals on, and reading
flux reversals from, the surface of the disc over which
it is flying.
FIG. 2 is a perspective view of actuator
assembly 118. Actuator assembly 118 includes base



wi th one enbodi rent of the present invention. FIG 2 illustrates an
actuator assenbly in accordance with one enbodi nent of the present

i nvent i on. wWe@9/08269 FIG 3 illustrates a head gi mbal PEEASHRNON0Y n
accordance with one feature of the present invention. FIG 4 is a block

di agram of a portion of the disc drive in accordance with one enbodi nent of
the present invention. -7- FIG 5 is a#eck diagramof a portion of a
servo control circuit in accordance with one enbodi nent of the present
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Wmlelnjectgn FIG 9-1to 9-4

n dlst nce I ntQ yste
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wei ghting funct iekend mumuﬂmmn@Zaapécaref etbd prapded tb the

i nventi on. 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 116.

10 FIG. 3 illustrates a greatly enlarged view of
a head gimbal assembly 116. Head gimbal assembly 116
includes gimbal 130, which has a pair of struts 132 and
134, and a gimbal bond tongue 136. Head gimbal assembly
116 also includes slider 138 which has an upper surface

15 140 and a lower, air bearing surface 142. Transducers
144 are also preferably located on a leading edge of
slider 138. The particular attachment between slider
138 and gimbal 130 is accomplished in any desired
manner. Briefly, in one preferred embodiment, a

20 compliant sheer layer is preferably 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
slider 138 and gimbal bond tongue 136. The compliant

25 sheer layer is preferably a mylar f£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
surface at which slider 138 is attached to gimbal bond

30 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
present invention. The portion of disc drive 110 which



FIGS. 10-1 to 10-3 are graphs illustrating estimted additive and

mul tiplicative uncertainty and phase error on an actual disc drive. FIG 11
is a bl ocwotiomggéam i | | ustrating a 20 track foll owi ng conPCBIUSE/ERSi S

i nterconnection in accordance with one aspect of the present invention.

FIG 12 is a block diagramillustrating the |linear fractional
transformation (LFT) with a nom nal nodel-io0-augnented by additive and
mul tiplicative 25 uncertainty as used in the track follow ng contro
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DETAI LED DESCRI RI&%&uEHErBR&%RE%Eé&@MEM§ hk@, Wdts dafdaBlbicpw of
a typical disc drive 110 | .ud sadlsclp 5‘}112 which is
mounted on R spFﬁﬂPgeﬁft?ﬂ'r‘(:HbF é#}%wﬁrwgic Thg Ut 6{'1 %4, ABL¥E pack
112, in one prebdrtreilerbddarniiatandardtis ioming akitrgudt X188 vi dealodi scs
MhiCh are control processor 170, power'amplifier 172, and optional
microactuator controller(s) 174.
Drive controller 166 1is preferably a
10 microprocessor or digital computer, or other suitable
microcontroller, and is coupled by bus 111 to a host
system or another drive controller which controls the
plurality of drives.
Disc pack 112 includes spindle 176 which
15 supports a plurality of coaxially arranged discs 178.
Each disc 178 is mounted for rotation with spindle 176
about axis of rotation 115. Each disc 178 has a first
surface 180 and a second surface 182. Surfaces 180 and
182 include concentric tracks for receiving and storing
20 data in the form of £flux reversals encoded on the
tracks.
As described with respect to FIGS. 2 and 3,
actuator assembly 118 includes base portion 122
supporting the plurality of actuator arms 126. Each of
25 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.
3) above corresponding disc surfaces 180 or 182 for
accessing data within the tracks on the disc Ssurface.
30 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 plurality of different tracks, on disc 178. As
illustrated in FIG. 4, microactuators 158 can be



mounted for co-rotation about a central axis 115. Each disc surface on
which datd is stored has an associ ated head gi nbal assenbly (HGA) 116 which
i s nount SMOPUOEEP 10 actuator assenbly 118 in disc drive RGDUSISRGE09
actuator assenbly shown in FIG 1 is of the type known as a rotary noving
coil actuator and includes a voice coil motor (VCM shown generally at 120.
Voi ce coil notor 120 rotates actuator assewbly 118 with its attached HGAs
15 116 about a pivot axis 121 to position HGAs 116 over desired data
tracks on the axpcideddan sactuataresarmmdadéyhelosdt riotamé 2 r @m c
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disc. The slider, I es a transducer which is 30 utilized for
encoding flux reversals off! QRRF3ERRNAFIVK FRerebiert 1ds typacaddyace of

the disc over wiiddivdsia fdotnithd FESgndli SEFoReBSPREEL Vasyd tavh Ofyhaetuat or

10 indicates that a certain portion of one or more of discs

178 are to be accessed. In response to the command

signal, drive controller 166 provides servo control

processor 170 with a position (or reference) signal 165

which indicates a particular cylinder over which

15 actuator assembly 118 is to position head gimbal

assemblies 116. Servo control processor 170 converts

the position signal into an analog signal which is

amplified by power amplifier 172 and is provided to the

voice coil motor in actuator assembly 118. In response

20 to the analog position signal, actuator assembly 118

positions load beams 128 and their associated head
gimbal assemblies 116 over a desired cylinder.

The head gimbal assemblies 116 generate a read

signal containing data from embedded servo position data

25 which is stored on a selected portion of each track of

the disc to be read, as well as normal data to be

* - 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

30 and clock recovery circuit 162. Data and clock recovery

circuit 162 recovers data from the read signal, which is

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



assenbly 118.

beams 128 each have a second end which i's coupled to a head glnbal

116. 10

Actuat or assenbly 118 includes base -9- portion 122, a
plurality of actuator arms 126, a plurality of |oad beans 128, and a
pl uralitywefohges gi nbal assenblies 116. Base portion 122 jRphusiesiéh bore
which is, in the preferred enbodi nent, coupled for 5 pi votal novene
about axis 121. Actuator arns 126 extend from base portion 122 and a
each coupled to the first end of either or two | oad beans 128. Load

max1munF|1Cike311ﬂd~d@t (55 ekl Y &0l a9l g‘iégab%

gi nbal assenbly 116. al assenbly 116 1 ncludes g

has a pair of
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assenbly
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in one pref
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air r rface, 142, r are also prefe
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or a combination of both, in a known manner.

During head positioning, drive controller 166
provides a position signal to servo control processor
170 causing actuator assembly 118 to position head
gimbal assemblies 116 over a selected cylinder. 1In a
sector servo positioning drive (or an embedded servo
positioning drive), a portion of each sector on the disc
surfaces has position information which is encoded
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
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
processor 170 is used to not only control the coarse
actuator (voice coil motor) but it is also used to
control the microactuators 158. 1In another preferred
embodiment, a separate microactuator controller (or
plurality of separate microactuator controllers) 174 are
provided for controlling the microactuators 158 in
response to the position request signal from drive
controller 166 and also in response to the embedded
position information read from the discs.

erably
ce of



sheer layer permts relative lateral notion between slider 138 and gi nbal
bond tongue 136. The conpliant 25 sheer layer is preferably a nylar
film hawmgposas% hi ckness of approximately 150 microns. A RS/USSHH® bond
tongue 136 preferably termnates at a trailing edge of slider 138 with a
mounting tab 146 which provides a surface at which slider 138 is attached
to gi nbal bond 30 tongue 136. FIG 4 isl3-block diagramof a portion of a
disc drive 110, which illustrates a servo position control circuit in
accordance with one asped® sirdee BPewEAte Andarmatiometpothieomdigcd) sc

drive 110 whi clrive tontirolilldridtgat:eskd véd Giod bALLUEES %tdé?ér% aggenbly
118, disc packt%ézﬁpg croacgtuators -assopci at ed fh each head arll
I-ec

] |
assenbly  (co Fpatipg: PRy writtenQn diseRachiba: ,also
preanplifier l@ecedates ailtk Aatokad datacevebe Giritiidn 162Ther N@cLei&et i on

cont rol pr geesdBtORIBtichl 4 pHfri e G Yo Malsl St P4
controller(s) Xpnd DEtienaldnt rol¢epactestors comtafarlat (s) al78) as a
{”&85;;’;3333g%?e%f?fﬁeﬁ'%f%g%%t 3 dzfafgéﬁ; ﬁUé}LE%ﬁ "B 0§30L" Hd £ and
relative to the corresponding disc surfaces. Then,
drive controller 166 provides the data to be written to
10 data conditioning circuitry 168, which in turn provides
that information at an output 169 to the particular
transducers on the head gimbal assemblies 116 so that
theé data can be written to the disc surfaces, in a known
manner.
15 In the preferred embodiment, microactuators
158 have a 'range of motion which is in excess of the
worst case mechanical misalignment between any two of
the head assemblies 116 supported by actuator assembly
118. In an even more preferred embodiment, each
20 microactuator 158 has a range of motion which is in
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
25 includes preamp 160, data and clock recovery circuit 162
and erxror 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
30 controller 166 in parallel. Further, in the preferred
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



system or another drive controller which controls the plurality of drives.
Di sc pack-112 includes spindle 176 which 15 supports a plurality of

coaxi al | woamnessged di scs 178. Each disc 178 is nounted fopchraisssigooW t h
spindl e 176 about axis of rotation 115. Each disc 178 has a first surface
180 and a second surface 182. Surfaces 180 and 182 include concentric
tracks for receiving and storing 20 datg-in the formof flux reversals
encoded on the tracks. As described with respect to FIGS. 2 and 3, actuator

assenbly 118 iopdnateiomasFuraidon 22 e pReitd e d @n%&méhﬁ?'egéf%%tngaggr

arnms 126. Eac f he _act uat or 126 is coupled to at

t he | oad bean% o%ffo%LloeaItd %éfgr?sesfﬁ 'ralﬁratsu?ﬂ, ééﬁzml%’gﬁgor'?lﬁ@aﬁfu?ﬁérhead
gi nbal assenbldass-rold € tdblel eli74 n &6 8hiabbile ccﬁcrxesmmm.'ntgaﬂeéﬁsiyggaces
180 or 182 f 0k @RAEESH s A i Nk acks ' r e

Each gi mhal pa.ss %ﬂ/dq%a%@l%%{ﬁgdgggﬁgtﬁg Féag&qr&%%gcﬂnl%%%%t. £§§QF°158,
for positiconi fFMHEaTleaRghit Bosidriiama@lea®@rgptbheagssanpluralikyhof, a

track, or on @M aficrqidtw@dtdys Obodthher 8Np1ukadkty N KhSEs 1d8n bePS
illustrated n_ ELG 4 mgiggrclte%at o,rtsh t58 can  be -11-

Is1multane01.isly wi racks on a plurality of
disc surfaces in disc pack 112.
With this arrangement, a number of advantages
10 are achieved. For example, precise position control can
be accomplished on each of a plurality of the data
heads. This allows precise and simultaneous track
following on the plurality of data heads to allow
parallel read and write operations. Further, because
15 the bandwidth of the microactuator operation is much
higher than that of the voice c¢ocil motor, this
arrangement provides the ability to significantly
increase the track density on any given disc surface
because it accommodates bearing non-linearity, and other
20 problems which limit the track density of the current
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 is in
25 excess of a plurality of data tracks, the
microactuators, themselves, can be used to execute short
seek operations (seek operations which seek to a track
within the range of motion of the microactuator). This
minimizes the excitation of structural modes in the disc
30 drives and enables higher bandwidth servo-control during
the short seeks.
Microactuators 158 can be controlled in any of
a number of ways in accordance with the present

invention. For example, the voice coil motor in a



provided on actuator arms 126, |oad beanms 128, on ginbals (or other

fl exures 130) between ginbals 130 and associ ated sliders, or at any other
sui tabl e W48, The microactuators 158 can be forned of PRIUSIA0Pal , 5
electrostatic material arranged to deflect accordingly, capacitive,
fluidic, electromagnetic, magnetostatic, or thermally activated. In
operation, drive controller 112 typicall y1%ceives a command signal froma
host system which 10 i ndicates that a certain portion of one or nore of
discs 178 are tecoB¥entdenedd. dispn dripensést ocoherobhwdndbgi gaalsegl{,bve

control | er 166 gbAYkEeseseiKactOnly o & ees%.(}flﬂu]tlfé Mdd AN | 1EPsOP" ¢

ref erence) signal 165 which indicates a tic
actuator assen®BY§te®ig TEe( JWY t#8n theedpad Eﬁép-taggemase-srem«sntServo

control processoakérO fxowerthe ltétﬂo@gﬁiglzmxgﬁognagtant girﬁpt eﬁtglh %‘gealsm I
whi ch anplif} er and.is provided to the v

m)'ltgr :?1 ac ui’it% égééﬁgm@riﬁgg ﬁ‘\ © E8hGRsEC Y MOt QL ¢ Haronglh ot RIWEBN
signal , actuatormpss€ibkyl728 pHsweivers Imd:dm:a:mﬂlhf.l‘_ﬁg aﬁsﬂ:ﬁcﬁ‘aﬁ&uﬁéﬁﬁl at ed
head nbal I 1 ir e he
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assenbl i es 116 genéerate a read, signal
position data ZBustyhpyie muliiRlel dRPHtschac ailvipiencotpaetish t rEiok of

the disc to be igpdtsatnybhde ashd Wl pdatiz ibRAsPeeaACESSAG i URLdRiea

sel ect ed p106t | on O\frot ngglrrsng.t&onbover which the heads are flying, and

may also optionally, include the relative positions of

one or more of the microactuators, relative to the voice

coil motor (or coarse actuator). The multiple outputs

include the outputs which drive the single coarse

15 positioner (VCM) and a number N of the microactuators.

A potential problem which presents itself to

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

20 simultaneous positioning of adjacent or proximate other

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, in a

25 preferred embodiment of the present invention, the servo

control processor 170 or microactuator controller(s) 174

* - account for the movement of other data heads on actuator
assembly 118.

A preferi‘ed arrangement is to include a single

30 servo controller including a MIMO servo controller.

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



read. The read signal is provided to preanplifier 160 which anplifies the
read signal and provides it to data 30 and clock recovery circuit 162.
Dat a and wbaess2eecovery circuit 162 recovers data fromthepggagdosiddos! ,
which is encoded on the disc surface when the data is witten to the disc
surface, in a known manner. O course, data and cl ock recovery circuit 162
can be a partial response -12- maxi numy ki kel i hood (PRWM.) channel, or
anot her suitable type of read channel. Once the data is recovered, it is

provided to erruie deifRGidrie Sikeull £16Hh é*ﬂi;ﬁerd%@q{&se'\’faﬂﬁ&fovﬁacfﬁ o

r .
errors have occurred.in the data read back_ fromthe disc and provi des
an out put 167. €$9QH %ué}%%r$%%Y%d°89t€?$B?rd%§§ction circuit 164 or drive
controller 166, or a coni#I&ii 6n bilbsthatés arknembodnmeat. Inr iwkg dpad

positioning, drd L e oVi Qsition signal .to servo
control pr ocesséoﬁ%ggéggjglngrégg S%tg cy)cr:"gés‘-’lenﬁgﬁf?/L c% cﬁ:élaﬁzc?ﬁ £° rl‘?ég'g?rgl nbal
assenbl i es 5116 IAferaze sepebingdcintedsuch i singlerserveoocposirbildrimg

drive (or an enhgsidaskHesy0aB0% tH8BI NG Eri vekp alf@r%%%i%sea%@ S or on
the disc 15 surfaces hasggosmlon i nf gr mati on which i s encoded thereon

and which is réﬁ?qﬁﬁi%erﬁ ﬁeﬂﬁﬁdséﬁﬁa r&ﬁﬁﬁﬁfom the host system or

disc drive controller 166, along with head position

signals for each of the heads 181 (head 0 - head N)

10 which is indicative of the position of the head. &an

output from DSP 190 is provided to voice coil motor

(VCM) 173 which drives actuator assembly (or E-block)

118. FIG. 5 also illustrates that DSP 190 provides

output signals to all of the microactuators 158

15 (microactuator 0 - microactuator N also represented by

designation’ numerals 159 and 161) coupled to actuator

assembly 118. The inputs to DSP 190 also thus include

head position signals 171 from the relevant heads, as

well as relative position signals 179 of each of the

20 heads with respect to VCM 173. Each of the

microactuators is shown coupled to a head 181. Also,

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

25 (or actuator assembly 118). The relative position

sensor 183 can include any suitable sensor, such as a

capacitive sensor or any other suitable type of position

sensor. Thus, it can be seen that DSP 190 provides the

coarse pésitioning signal to voice coil motor 173 for

30 positioning the entire actuator assembly 118. DSP 190

also provides the fine ©positioning signals to
microactuators 158.

In the preferred embodiment, DSP 180 not only

takes into account the head position and relative



t hrough the read channel, to servo control processor 170. The positioning
I nformation not only gives coarse position information indicating the
particul sodoroamse 20 over which the data head is flying, Adredssaomoovi des
tuni ng 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 ginbal agsenblies 116 accordingly. 25

In one preferred enbodi ment, servo control processor 170 is used to not
only control tpesttavaecassbuateed(witheegohl hendprpubuilsb takalsqnesed to

control the m a . ln_anqt her. preferred enbadi nent, .a separate
i cr oact uat or %é%?ﬁ%#|@?bgg%§§o°f 8%9 ﬁ%ﬁﬁ/QH:3&&%&@§%@2@%$§§c4&aﬁbw
control lers) 1¥4 takepriwtdeactountortosstcogpl ingnofr thet hetdss ¥h&n n

response to thgrgesiiihgn I egiest ﬁg&gggcgﬁgwggrivgugggkrolI 166,34 al so
in response to {he enbédded position information read_fromthe discs.

-13- In order PICHPREEUREPEr AEEPSIALSS Mdth Sash d19adk- coFrbhier waws
recei ves not opgy 1@ |Decdwdts of okrhestmicurll oRode l&asddd fbhn OhdnscC

pack 112, but alsotpecehveg tge gc% al.qgta,éo ge?gwittqulgge kgpghion 5

i nformation i sPPPoVI-HBA E0S8EFVB ﬁ?rb? hrHeRE reads ’ e
preferred embodiment, DSP 190 controls to provide
disturbance rejection, to account for runout, to prevent

10 excessive actuator current, and to provide noise
immunity.

The DSP 190 illustrated in FIG. 5 preferably
embodies a model-based algorithm. FIG. 6 (e.g., blocks
191-199) is a flow diagram illustrating one method in

15 accordance with the present invention of developing the
servo control system in which DSP 190 is implemented.
Each block in FIG. 6 will be briefly discussed as an
overview, and then each block will be discussed in
greater detail.

20 A nominal model is first constructed which is
primarily a set of differential equations that describe
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

25 is known about the drive dynamics. This knowledge is
preferably obtained using empirical/measured data. This

* 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

30 differential equations).

Next, an uncertainty description is
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



(and optionally m croactuator controller(s) 174) as a reference signal to
coarsely pasition the data heads relative to the correspondi ng disc
surfaces. waoidlfeo drive controller 166 provides the data topggydssrioien to
10 data conditioning circuitry 168, which in turn provides that

I nformation at an output 169 to the particular transducers on the head

gi nbal assenblies 116 so that the data can g)g witten to the disc surfaces,
in a known nmanner. 15 In the preferred enbodi nent,

microactuators E%avardatanas,of agBbboatuli Gt i) €558 Almble WgESt

case nechani cal ,sal i gnnment ,bet \%en any twog\cs)ar9 t he hec%f, ssenblies 116
supported by acttfHV§S-assedPy 1882 1P apsS&Fen HYor & ¥rrdge model
enbodi nent, eacdondtrudtent dactbbdak 183. has a range of notion which is-in

excess of one track w dth, . preferab I.n_excess of_a
plurality of track w dt hs.Pea}'%%s%‘}/ﬁ?%é_r?%_ %F e*‘gergé et %asl¥r%§ m the ?%38
channel pro¥ de¢pacidiigd dr i Teig 19s( Whiddkated hy drbodkndAé dhoitilGn €LG 4

25 includes prRam H§ectddtled ard gke%&déa_ce&eéﬁsﬁkécehac1@3&9@&@@%
detection circuit 164) i s capable of receiving a plurality of sinultaneous
and paral l el datt®™8 le a%ﬁt%brﬁl‘é%i’-ﬁ‘g't r?d%‘g %%‘g‘ﬁeglc};ﬁ&ﬁé’ idVpialarlier
and providing thewlis the bpsimiyet eandantinaliizéveddPelopmaneol ber 4RE in
parall ol o Mgt RS L TSN T i SR8 L 0t o1
10 of ways directly on the disc drive. _

' The model is then wvalidated. This is
indicated by block 197 in FIG. 6. In short, the model
constructed to this point is a robust control model
which is a model for a system which contains not only a

15 model of the system dynamics, but an uncertainty and
noise description as well. In general, the model
validation problem is formulated as a 1linear time
invariant system with norm-bounded structured
uncertainty and experimental data. Model validation is

20 performed by considering the model validation problem in
the frequency domain. Techniques referred to as u-
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.

25 Finally, the model is optimized wusing
commercially available optimization software. This is
indicated by block 198 in FIG. 6.

A. The Actuator Model
FIG. 7 illustrates a model 201 of the servo

30 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
an additive uncertainty description, and block 202 is



si mul taneous and parallel wite signals to the data heads to execute a
simul t aneous and parallel wite -14- operation. Further, i

in the
pref er r edV@8Urent , servo control ler processor 170 and oRETUS10109

m croactuator controller(s) 174 are suitable for sinmultaneously providing
positioning signals to mcroactuators 158 to 5 si mul t aneousl y position
all, or at least a plurality of, the mcré&etuators so that a plurality of
heads can be sinultaneously aligned with tracks on a plurality of disc
surfaces in di ¥ePFeEeNtBLivgth @fi s arr anyfdplicativither Wicexaintyes 10
are achieved. Jde@cr@EHHYe, precise position control can be acconplished on

each of a plurality of the data_heads. Thjs allo preci se and
si mul t aneous track followi ng on %'hed@T%ﬁ%ﬂm%VﬁfMﬁgﬁ heads to al |l ow

parallel read and wite dpgyats ofise actuatber nohdaaldseactizl . t iEhdandyedt h

of the m croac | | l.gher VoI ce coil
not or, thi g ar %ﬁ&g{ﬁen p%é\l/fl)ggésa?ggggbf@h ?chggg%&H]ﬁhcagl cItt{)ee“h ?eﬁ%% t he
track density ¢iyrdeplyis¥stemsdysamisgse bdluisemeanycEbatoddteendretmahg

non-linearity, RRGIOWRAL 2 tHY Wyt didh toydier K eSS LdeRl the
current art, 108 ¥he Wi diies Bk s RS DA G,
a preferred embodiment, the nominal model is developed
10 by gaining a great deal of precise knowledge about the
drive.

In one preferred embodiment, the nominal model
is constructed in the frequency domain because worst
case extremes on system dynamics may include many higher

15 frequency - structural modes which result in highly
variable transient behavior in the time domain. Because
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

20 output to the drive actuator. For example, in a
preferred embodiment, frequency domain input and output
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

25 information is used to define parameters in the system
model. Further, in a preferred embodiment, f£finite

* 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

30 from the first principles (or differential equatiomns).

FIG. 8 is a plot of frequency 203 against log
magnitude 205 which illustrates an open-loop transfer
function obtained for a typical disc drive. Data was
collected while performing a track following operation



coil nmotor for track follow ng. Further, since in the preferred enbodi nent,
each m croactuator has a range of notion which is in 25 excess of a
pluralitwwooss269 data tracks, the m croactuators, thensel/uss/10tdn be
used to execute short seek operations (seek operations which seek to a
track within the range of notion of the mcroactuator). This mnimzes the
excitation of structural nodes in the disgg30 drives and enabl es hi gher
bandw dt h servo-control during the short seeks. M croactuators 158 can be

controlled in By :Djﬁj acﬂim@era oblmys&idalaog@éﬂﬁmle WidtiNeaREEs St o
i nventi on. e voice.coil convent I onal

R TN T
disc drive is S'ﬁtsﬁf edPB7%a ReFVEL Bt I 5? FERSWSL Y% AgRSuring
i nput/ si nge ouwvpdce( §pED) mgygretmlrref[heamdlmﬁad pasie dmwmad Desutgmtlon

measur enent tahﬁﬂle%-raq_mé(% Egp?ggéﬂtée %gfdmbﬁeelo% ;:I er

typically drives the voice c not or t roug e power
However, ifA coREAYe-i nBe%%EF%EéPEa‘E‘@F%rE:!BQZOQ W@W%MUI@%M%f t he

present inventyBenmishcRaveg Wikhi ghe Pmpsntash TastiplehO Wil Srivelhe

|nputs i ncl ude t%tﬁ)ﬁ%%ﬁﬁ}el ons read m t he enbegdgd 10 Servo

i nformati on ov&F FOIELRLE 9 ﬁbe ured data. Data was
collected at the inner, middle, and outer radius of the
disc on heads 0, 1 and 3. Position disturbance

10 amplitudes were 2% to 20% of track width.
The nominal model was chosen to be a cascade

of second order systems given by:

Equation 1
_ 1 s+2 £z, s+1
K, n @@,z w
y(s)= T DCE i Nz, 1 Nz, 5 u(s)
—s2+2 s+14 _1 2.4 €p, 1 S+1
W, W, (Dngj (onp'j

15
where K,. is the actuator direct current (DC)
gain, n is the number of resonant modes, for the i®®

regonant mode, i = 1, . . . n, &, ; and 0, are the

damping and natural frequency of the zeros and £,; and

. 20 w, are the damping and natural frequency of the

poles. Similarly, ¢ and w, define the low frequency
behavior of the drive.

Also, in the nominal model described by

Equation 1, delay can be modeled. There are various

25 sources of delay in the disc drive. For example, the

pulse width wmodulation (PWM) filter, the power



may al so optionally, include the relative positions of one or nore of the
m croactuators, relative to the voice coil notor (or coarse actuator). The
mul ti pl eWOwPH8R6% | ncl ude the outputs which drive the singlRETAGI8481095
positioner (VCM and a nunber N of the mcroactuators. A potential problem
whi ch presents itself to the present architecture in which a plurality of
data heads are sinultaneously positioned2ias that the positioning of one
data head can be affected by the 20 si mul t aneous positioning of adjacent
or proximate AtR¥ifiben, héhes. voige lwamidwi tinepasinstEmtsg, camdexsthexrt he
structural no he | V nd; LRUSE 'Egra%;i r er.. feregpce
whi ch can int gﬁé%e%m' t ﬁg{ eglﬁ%sﬁf 1"onl ng\éi 0 ag?ggenﬁgdzﬁ%&%éds. A

Thus, in a BFandarder PE@cedE® nefierof medelingenPuns/ endedldy t hénser vo
control processsrit Ifllows - £imé Oard Uadr ugent 50l pLaé S)addhoRERAENbnf 05 st he
novenent otspe‘gl dat a heads on actuator assenbly 118. A preferred
arrangene i S0 R ude a si ngl e 30 servo controller including a M MO
servo controller inplemented as a digital signal processor EqE)iodhe DSP
has inputs indicating the head position of each head, the relative position

of each m croactuator and - 16- 2 2 (-tgs)d
-+ ——————ens:
[ !
D{x(t-ty)}m—iB 1
n (tds)l

-2+120 i

where ty4 is the delay in seconds, s is the

frequency parameter, and £{.} is indicative of the
10 Laplace transform of the argument.

In order to model time delay, generally low
order Padé approximations are adequate (e.g., first or
second order). Other robust approximations are also
available.

15 2. The Uncertainty Description

The uncertainty description designated by
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

20 system can be represented by a set of differential
equations, where all parameters of the differential
equations are known. Under normal circumstances, it is
not possible to exactly model a disc drive. However, it
is possible to define a set of models which "covers" the

25 behavior of the disc drive. Uncertainty modeling is one
way to define such a set.

In a typical disc drive, the disc drive
structure itself has resonant modes at higher



the reference signal fromeither the host controller, or fromthe disc

drive controller 166. FIG 5 illustrates an enbodinment in which servo
control wis eRseor 170 and m croactuator controller 5  174~piSshi@idd ned
into such a single servo controller, inplenented as a DSP 190. DSP 190

receives as its inputs a reference signal 165 fromthe host systemor disc
drive controller 166, along with head posjtion signals for each of the
heads 181 (head 0 - head N) 10 which is indicative of the position of the

head. An out pubqheaeiBsP 10t se P PHIS 0 173
whi ch drives g ng ssen?&é or E—blogﬁhg?% EE@q@%écj@ﬁﬂso [ éﬁrates
u

that DSP 190 8 8{"p cY t8‘°§\e| e t @%@%ﬁoté@%%@& 15
(n1croactuatodependentroachu&thEerﬁra%I%ﬂﬂfﬁﬁﬂﬂéihﬂﬁadﬁﬁlgaﬁb'ﬁ%nﬂunera|5

159 and 161) d at Qr. a4ss 118, T uts to PSP 190 al so
t hus incl ude %gggggoséf#%ﬁ£§1gna 13“2F¥8h1fﬁ§uﬁgﬁ nt*R8adES3Ed NGkl | as
rel ati ve posi hyshesegnal s ﬁIQMCﬂCx%mﬂntﬁ hifees 2&0rd@&adsetmtl1 mhspect to
VCM 173. varlggggnsofaﬂguadgégoggﬁ 9{§3120§E§5E legd head

181. Also, each of the m ¢roactuator as an as re atlve p03|t|on
sensor 183 whPRREXERIBEY: ABSFEAREAPE -position of the nicroactuator,

relative to the voi ce cBlbckoRo4 251us£iaata§ttuaé05u?ﬁéﬁﬁauo%ﬂ%)f theThe

rel ative p05|t|on sensor, 183.can_in de any.sujtable sensor, .such as a
capaci tive senso%nﬁi & thségp?gsge%FQpéISF[M%QQI&Ht aaditive
10 uncertainty. Additive uncertainty describes the

following set of systems:

Equation 3

G:G(8) =G,y () +HW, (s) A (s), |[A][<1

where A(s) 'is a norm-bounded uncertainty perturbation

15 and W,(s) is a frequency domain weighting function.  The

uncertainty perturbation A(s) is norm-bounded so the

weighting function is used, in general, to specify any

frequency dependency on the size of the uncertainty.

Additive uncertainty is typically used to characterize

20 dynamic uncertainty. Therefore, uncertainty

. perturbation A(s) will generally be thought of as a
complex full matrix at each frequency.

Additive uncertainty is typically most

effectively used to model high £frequency dynamic

25 uncertainty, such as the resonant modes in the disc

drive. For example, there is little or no reliable

information about the dynamics of the disc drive

available 1in the frequency range greater than

approximately 2kHz. That is primarily because the

30 natural frequency and damping of these structural modes

vary from system to system.



sensor. Thus, it can be seen that DSP 190 provides the coarse positioning
signal to voice coil notor 173 for 30 positioning the entire actuator
assenbl y WOPY082&p 190 al so provides the fine positioniHOrUSIsOas to
m croactuators 158. In the preferred enbodi ment, DSP 190 not only takes

into account the head position and relative -17- position associated
w th each head, but al so takes into accowgsznovenment of f'idj acent or
proxi mate heads (i.e., it takes into account cross-coupling of the heads)

when providing the ni Thearoletof theﬁ@ﬂitlvéonnceegglgn% Owel ght tw§ ¢
t a accoun or
meroactuator angoealottoalcBa PeBEy dA LRSS WU ROGJE) AECORILE

structural node_excitation when positioning ea .
Al'so, in the prief@IWeRCi®Bedi nent, DSP 190 controls to provide disturbance

rejection, to account forpmagoug 1tgnar§y§n§hgg %0 .|ﬁs‘?&é‘?@$§%9

current, rQvi de. i se j mupity. The D 'N"FI G
5 preferabla%/‘| er?ﬁ%lfﬁ ‘%a%ﬁ%? Pkt AYFriiyshTares heaige oblastditive
191-199) is a funvedtaimey i |InRIGE ing ore ndiind inbddl i Ay i th

ELSS P;e?rGrBIt elng\/ﬂBIOQnaf a8 VS ORI I 6 SELY QSO0 5 SY gégtr:neldnby 214, sP
Additive uncertainty which is used to account for the
unmodeled dynamics provides an envelope indicated by

10 216. FIG. 9-2 illustrates one embodiment of the
additive uncertainty weight function 218.
Multiplicative uncertainty describes the
following set of systems:

Equation 4

G:1G(8) =G (I+W,(s) A (5)), ||A][<1

15
where A(s) is a norm-bounded uncertainty
perturbation, and W,(s) is the frequency-domain
weighting function. As with additive uncertainty, A(s)
is generally thought of as a complex full matrix at each
20 frequency.
Multiplicative uncertainty is effective at
modeling low frequency gain variation. FIG. 9-3
illustrates using multiplicative uncertainty to account
for gain variation. FIG. 9-3 is similar to FIG. 9-1,
* 25 ° and similar items are similarly numbered. However, 216
illustrates an envelope for a set of systems with
multiplicative uncertainty at lower frequencies. ‘The
role of the multiplicative uncertainty weight W, is to’
provide an envelope around the nominal transfer
30 function. 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



Each block in FIG 6 wll be briefly discussed as an overview, and then
each block will be discussed in greater detail. 20 A nom nal
nmodel i swig gomkag@onstructed which is primarily a set of di ffcr/esssiaios
equations that describe the structural dynam cs of the disc drive. Thi s
Is indicated by block 192 in FIG 6. In constructing the nom nal nodel, it
is preferable that precise know edge 25 _54.s known about the drive

dynami cs. This know edge is preferably obtained using enpirical/nmeasured

data. This typanistriossat che lsnumeﬂplgcdeivee REfEEiLIseyN Weegtxstem
nodel , and aII of this %:Qé nati.on is grefer é/%g {Q‘Pto con ruct a nodel

fromthe first Lﬁ}cftrfc?rbl 1 ﬁ‘e ¢ JéT’%ﬁP 3an
uncertainty descrl pti dalvensthensbd@di athofwar :ln'heFmsc7drthe r$h1ie5 afs

i1 lustrated by dé‘.efféé et Ny E'g?hgeée@eugﬁ%%tﬁ' v?@f tEBW{O'hrié

preferably de5|gne o captu havi or
vari ati on® a¥8vThut edeauated v apgEeKuRta oFOE}FLrE\?—‘é@d TP sthQJatiaSq s

used to nodidyivd hithede! beany rd&éﬁﬁyleoﬁbe%a%&%e Peré&haaaﬁﬁ\ le

f th h
obj ectives of the eysjemare, then.S s SRA | 5.1 Thsohgn 16.5°WR1d

plot frequency 215 versus magnitude 217 and phase exror
218.

10 Examples of additive and mwmultiplicative
uncertainty levels in a typical disc drive are
illustrated in FIGS. 10-1, 10-2 and 10-3. FIG. 10-1
illustrates the estimated multiplicative uncertainty
220. FIG. 10-2 1illustrates estimated additive

15 uncertainty 222 and FIG. 10-3 shows phase error 224 as
a function 'of frequency (used for delay estimation).
Note that additive and multiplicative uncertainty can
both be used for 1low, mid, and high frequency
uncertainty models. The designer chooses the

20 uncertainty wmodel to simplify weights. Further, a
plurality of additive and multiplicative uncertainty may
be used.

B. H, and p-Synthesis Controller Design
Once the actuator model 201 shown in FIG. 7

25 has been obtained, the next step is to specify
performance objectives and design an optimized
controller for controlling the modeled actuator. FIG.
12 illustrates a block diagram of a track following
control synthesis interconnection 230 illustrative of a

30 disc drive. Note that system 230 includes actuator
model 201. Controllers are designed to optimize the
weighted interconnection 230.

In FIG. 11, the system blocks preferably
include controller block 232, actuator model 201, ideal



Such obj ectives are provided to ensure that the nodel is conpatible with
exi sting, -and commercially available, tools to optimze and finalize

devel opmwo ssmB2d9he control al gorithm which can be i npl enenped/usps/#010%ri ety
10 of ways directly on the disc drive. The nodel is then validated.
This is indicated by block 197 in FIG 6. In short, the nodel constructed
to this point is a robust control nodel _wRi.ch is a nodel for a system which
contains not only a 15 nodel of the system dynami cs, but an uncertainty
and noi se desci¢thidtdr afiodel| 234, | sypehesdls wdivht®deslvakjdaghanapsobl em

I's formul at ed a_li.near. ti I nvarian syste , t.h nor m bounded
struct ured unc@??t)alwkw?%\r?&'ee? aﬁﬁiﬂhlt&@atcé&ﬁﬂfggela%ﬁﬁ?lﬁﬁgi§r§8r
perfornmed by ocuignalksi 835t hiel)noae 237 dat) onrpspbkedvielyt,heexogeneusy

O e 1o S, SR opSankeith SPlie et pnalyr - e

whet her tHe cansbiier sensersnaisnt 24t Kndhe shedatl 289 (ym), weight

o Yo on TSR (R mEueugg sempg) s suight s,

A(F:)t uat or Mbdel P"ﬁ‘%& f’-‘ﬁtlﬁ‘ﬂ’st‘“?%ﬁgg: f%od@f‘géof m?éltsjeqr%/oéjs"btuﬂ%?ﬁﬁtor in

accordance w thwHné&dgdsperid cdonteobled eottpuzeniédn.(z1Hl Gnd 242| (225

bl ocks 200, 202, Ands 20das B 06K 200rtsnt CRLESILAIANE Qlrdid P! ¥praEt vat or
10 respectively.

In the preferred embodiment, controller block
232 is preferably provided in a two-degree-of-freedom
control configuration including compensator X, and
precompensator K. Precompensator K, is included to

15 improve the transient xresponse of the closed loop
system. '

The interconnection shown in FIG. 11 is
preferably designed to satisfy the following equations,
which describe actuator current penalty and tracking

.20 error.
Equation 5

Equation 6



transfer function Gerr]. Block 204 is representative of an additive
uncertainty description, and bl ock 202 is -19 - representative of a

mul tipli Gagbdfeaey UNcertainty description. 1. The Nom nal A/ng)usg,ﬁ,w

t he actuator nom nal nodel. The role 5 of the nom na

accurately characterize the typical system dynam cs. ThIS means that the
nom nal nodel nust be the average expectegssysten1behavior seen over the
entire class of disc drives being nodel ed“°'n a preferred enbodi nent, the

nom nal nodel is devel opefih Olngérg%ﬂ%@.l%{xgr ghgmdeﬂjl Q%Gprggl se erowI edge

about the drive., I n one erre e nom na
constructed i n &Pk nC)FQjom;ﬂfh ey Lents t das@%xtrémtmoraﬂstem

dynani cs nayllﬂﬂahkfdim&tﬂbﬂh%howi 1ﬁr@ﬂﬁﬁnCYQ5trLﬂiﬁ%§$ £FRARS o §M¥
result in hi grl_ll)sla i abl e, tran nt .behavi in thi time dorral n. Because
the disc drive r&ﬁ% 'f‘%‘bb"%st& 18) fES §eng’-P§ Yed28dsél- Megern
This is éccomﬂntstmbl theory npesimpglﬂyﬁicb%atmmeidmhﬁtb&%oln@%t&%s I
measuring the ifputy gnd 20 t ot e drivg_ actuato For _exanpl e,
in a preferred errbo I'men ¥%€%@%ty %%Eriral ﬁannpﬁ? %i b rg)
mathematical representation of a block diagram
consisting of linear blocks with feedback.
From the LFT shown in FIG. 12, the resulting
10 H, optimization criterion is as follows:

Equation 7

A0
A -
K=arg min|F, (F,(A,G) , K) |.where, [OAa]
me A ,€C
fAl.<1

where F, (F, (A, G), K) illustrates the
15 feedback interconnection w-z;

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

20 shall have a controller, K, which stabilizes the set of
plants:

Equation 8

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

where
BAI— {AeAl: 1Al.<1}

25



information is collected using enpirical tasks. Al so, tinme domain responses
to different types of inputs, such as pulse or step inputs is coll ected.

Thi s twg8q2645 information is used to define paranet @cgradeshb@osyst em
nodel . Further, in a preferred enbodinent, finite elenent analysis is
undertaken to obtain structural data for various physical conponents in the
system Al of this information is prefgrably used to construct a nodel 30
fromthe first principles (or differentfial equations). FIG 8 is a plot of
frequency 203 agai nst , i 2 i il at -loop
transfer function obt é}n;yéd”?%?ttg}é%gpi catv%}fs:%%ri \L/*:eil.lé Da{?aeggg%gﬂfgct ed

whi | e perf oPipdegtdver:ack fol | owi ng operation -20- by injecting a

si nusoi dal position disturbance into neasured head positigguaesion 9

si mul t aneously measuring voice coil notor current and head position.

Desi gnati on nuneral 206 repjeseni fdge, opkasiaepulel of the disc 5 drive.
Desi gnati on nuneral 208 represents neasured data when tracking with the PID
controller in the disc drive, and 210 is the average of the neasured data.
Data was collected at the inner, mddle, and outer radius of the disc on
heads 05 1 and 3. Mlsine foreli stooanBguadiongnBit 6deanderd 2%eo 20% of

track Wi dtNgg1)owing norm inequality can be derived:
Equation 10

fw;~z;lslo~2l., Vi, 7

where ||w » z|, = ||F,(F. (4, G), K)|. and w; - z;
10 is the transfer function from w; to 2Z;.

Therefore, if controller K is designed to
satisfy || ¥ » z |l. < ¥ 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,

T-CK, (FW) ~Gjgeaz (TW) ’< (W, (Fw) 1w, (Fw) [) 2y

Equation 12

l G

— (jw>|< (19, (Fw) i, () ) 2y

20




The nom nal nodel was chosen to be a cascade of second order systens given
by: Equation 1 [err] 15 where K[err] is the actuator direct current (DC)
gain, n iam; 8 nber of resonant nodes, for the i[err] resonant node, i =
1, . . . n, er?% and [err] are the danpi ng and nat ur al PET/EIPIAPAY) of
the zeros and [err] and 20 [err] are the danping and natural frequency
of the poles. Simlarly, [err] and [err] define the | ow frequency behavi or
of the drive. Also, in the nom nal nodel -@8scri bed by Equation 1, delay can
be nodel ed. There are various 25 sources of delay in the disc drive.

For exanple, the pulse wdth nodulation (PW) filter, Edeatponers

-21- anplifier, the voice ¢ illtine constants, and other sources, can al
inject delay into the systeFl A L?Eq dyre, {05, nodel i ng pure
delay in continuous-tine is 1ﬂGK§é5a agFgﬁf?ngbrg%?L5€Won as 5 fol I ows:
Equation 2 [err]

Equation 14

GK, ., . .
’1-G.zr<2 (JW)|<(]WP(JW) W, (Fw) ) -2y

5 In addition, the following actuator penaity
inequalities (actuator inequalities also hold:

Equation 15

=B Gulcqw, G Gy =
- [1oex; W (Tw) W, (Fw) [) 2y

Equation 16

GK.
l 2 (jw)|<(lwu(jw)llwd,(jw)I)'lY

1-CK,
10"
Equation 17
, e (Gw < w, Gw W, (Gw) )
. 1-GK, u a ' ¥
Equation 18

ll-c;.rc2 (JW)I<(|Wu(JW) I, (Gw) |) 2y



where td is the delay in seconds, s is the frequency paraneter, and
[err]{.} is indicative of the 10 Lapl ace transform of the argunent. In

order to wp4dghsaks e del ay, generally |ow order Pad[err] appomusysaoss are
adequate (e.g., first or second order). O her robust approximations are
al so avail able. 15 2. The Uncertainty Description The
uncertainty description designated by blogks 202 and 204 in FIG 7 are used
because an exact mathematical nodel of the actuator systemin the disc

drive is not possible. AjiexaghnnDdsd maaRsy thghathe gt  PEHiRPriditde
represented by, a set _qof differentia uations, where all paraneters of the

I, e
differential edBEAPGAdtASS Wu%m%%%n%i%'&%t%&s, 3 15§% 9ot
possi bl e to experfpridrie acéhstredinte. dioweher ,systém. posEgbheibn define a

set of nodels i-ch "covers" the 2 havi_Qr . Al sc. dryi_\e,
Uncertainty rmgglfi"ﬁl&sl & o'ﬁléa%§7n?og83$? g‘iél(ljedh%é‘lés%te%éyf nE% flg%ﬁ'ggls.d’}%c
drive, theSdi singutve distonthamce i txejécthos  (wobatArnajpdydbratidiigher
-22- frequenci g, JEQLLRRr, H {%&dreﬂ aé£oHency 8Bdi1830R Y RhuridihdoW

frequency node 1s somewhat anpli, . . .
rejection constraint which includes current disturbance

rejection, written-in error rejection, repeatable runout

rejection, non-repeatable runout rejection, and bias

10 current erroxrs, 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

(w, 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., when 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

Giaea; in Equation 11 is preferably designed to provide

the ideal response to command offsets. Then, the

performance objectivé given by Equation 11 forces the

30 disc drive response to match the response of Gy, - This

type of tracking objective is referred to as explicit

model following. There are also implicit techniques

which do not require embedding a model in the synthesis

interconnection, which avoids the additional states.



dependent. In other words, it is defined by sone non- |inear dynam c, nost
likely resulting frombearing 5 hysteresis, flex circuit bias forces,

etc. ‘Qﬁ%gg/zg;l ations are nost effectively captured in the ,dé%;fm&@l nty

descripti Ck 204 illustrates the augnentation of the nom na
desi gnated by block 200 with additive 10 uncertainty. Addi tive
uncertainty describes the follow ng set_of systens: Equation 3

g: 4 s) G{err](s)+V\[err](s)[err](s) ||[err:f‘17T<1 wher e [err](s) is a

normbounded upcertainty Iur bat i s a fre ency
ormi n el ght | REARIAR SPLAAL heeRpames” BER T Tres crFrcs) Ehe

nor m bounded serlah@f\mrglammnjlefme@QﬂQnused I n general, to speci fy any
frequency dependency on tfg S ﬁuef a{rm? Hﬂﬁgﬁﬁa'ﬂs\tuﬁ%éé V?eﬁ'@&@i&ﬁl nty

is typically used to characterize 2 uncertainty.
Ther ef or e, PRESOFANGE ﬁié?l'tstﬁf%’f‘?%ﬁ %Q%)O‘M-I?—ngﬁﬁ\é?BFP?SbéztﬂBﬁgF@ of as

a conpl ex Bull emm@yliex @heeaebatkeqa@nwm di déeo lé’jféiférﬁl oy ré$ect
typically m)st effeci{wel% %Fs]ed t o _nodel [s%h frequenc% ngg %

uncertainty, sondht SABEEROMT AT AR BT SEREfpI e,
there is |itt I aadntrdr digid eradloimamt penfaboahce h'endgnatrheSeoﬁorinaldl Sc

dri i | abl : orha
okt Ve D pH%% ,cphBdusans. M GLERLEE, han,mpr Q¥ pLe! Y

results in actuator position and velocity 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 or impulsive bias current, torque, position and velocity

disturbances. Furthermore, excessively high amplitude

or long time constant ringing 1is 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

' G

_— <ld;~z
l_GKz ll 1 zL.

(Fw)

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



30 natural frequency and danping of these structural nodes vary from
systemto system -23- The role of the additive uncertainty weight
werr] i3v@899836% oduce a floor on the systemgain at high Pcewsesitiies.

FIGS. 9-1 and 9-2 show a plot of frequency 209 5 versus magnitude 211 and
il lustrates the use of additive uncertainty. In FIG 9-1, a nom nal nodel

I s designated 212, and actual neasured vaghues are indicated by 214.

Addi tive uncertainty which is used to account for the unnodel ed dynam cs
provi des an envel ope i ndSimikarby, Positih disthkrBanc®@=2arklhisinadteg one
embodi ment  ofy, eﬂ?cé”ﬂgéﬁifl uncertainty wei ght function 218. _
NUItllecatlve uncertalnty escribes the follow ng set of systens: Equation

4 g s)=derr](I+Werr](s)[err](s)).[|[err][]<1l 15 where Bfuwtisna20-

nor m bounded uncertainty perturbation, and Werr](s) is the
frequency-domai n wei ghting funct{om A% ﬁ@ addlutlve uncertainty, [err](s)
Is generally thought of as a co iels ot P ? T3elat. each 20 frequency. -

5 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 noise, it is preferably designed so that

10 noise is not exacerbatea. This might occur if there was
peaking in the transfer function set out in Equation 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

15 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

20 . 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.

25 The actuator constraints 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).



Multiplicative uncertainty is effective at nodeling |ow frequency gain

variation. . FIG 9-3 illustrates using nmultiplicative uncertainty to
account f kovariation. FIG 9-3 is sinilar to FIG 9- lpcybsosnditd
simlar i%ﬁ’g%grg simlarly nunbered. However, 216 illustrates an envel ope

for a set of systems with nultiplicative uncertainty at |ower frequencies.
The role of the nmultiplicative uncertai nzg weight Werr] is to provide an
envel ope around the nom nal transfer 30 functi on. The envelope, in

many cases, W ll be approxj el Y= p f 5Q9 t

hertz, after which it ta%glres %@ét 69’4‘1 eé}s{ét %ﬁ%@r F?é %?4%3%'%%-%92
illustrates th ol i ertai nty wepght fungction 8

uncertainty 21%%%V\émrﬂ%}}n%%tléf&9%jgﬁ"0§"géﬂ%f'he kgﬁe‘l sﬁpd?/m'i ﬁ%l;‘l—jl gno'gfl,ﬁtgﬁe
role of the designer is to select uncertainty weights Werr] and Werr] 5
whi ch adequat eleatoM péairadraRinces reduiiremdrtas dae tiid e 94 dhasie beirrg
overly conserva3%¥e. gone sinple estinations _are gLéen in_FI GS. 10-%

t hrough 10-3 WhihPEFEPIPPRGThEFUS FEMEES 8 fGAPL (oo SPF 2 88¢ hAGsERE r or
219. 10 5 frequenmnpdemaiaf, aHdnt i weighhd selietkpbncaisvesimpietai nty

levels in a ty@éﬁﬁré¥f§idr%£%évé}, there will Dbe 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 frequency domain (e.g., bandwidth,
attenuation, peaking, etc.).

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

15 systems witﬁ little or no uncertainty, these objectives
can force the controller to roll off, hence limiting
bandwidth. Normally, however, these 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 wmodel has been developed and

éppropriate weights have been selected, the robustness
of the model is validated. 1In the preferred embodiment,
this is accomplished using H, and s synthesis
techniques. A matrix function p 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



illustrated in FIGS. 10-1, 10-2 and 10-3. FIG 10-1 illustrates the
estimated multiplicative uncertainty 220. FIG 10-2 illustrates

esti mat edWOQYOA269 ve 15 uncertainty 222 and FIG 10-3 shoRETHHAEE0189 r or
224 as a function of frequency (used for delay estinmation). Note that
additive and nultiplicative uncertainty can both be used for low, md, and
hi gh frequency uncertainty nodels. -33Hhe designer chooses the 20
uncertainty nodel to sinplify weights. Further, a plurality of additive
and mul ti pli canheertaivkyarkhby nay amalpsids B uskdr Eprantalyzindgyrhidesi s

Control | er Desj | ' ;
ntroller DesigRpNsey! BRqApyFA! m?é@%ﬁ%&@ b psereditiecttl

been obt ai ned, i p ﬁg_ to Cl performance 0
and design aFYsSbpnEnFRICEBNEP ORPER-Paundea: sEFLCHY TStk URSEAItEE Y Uat or

FIG 12 illustpases a2l ogivdsagnas of géneratk fialdovessnespisnl widkesis
I nt erconnection_230 ilégstratlv% qQf .a 30, ., disg drive. Note that system
230 incl udts attiRrbPrhiBdelSBY 21854 r 8P % FERTGRIF-IS opt?Fi 2k t he

wei ght ed i nt eranahesisoand3p. symtFe@igll, the system bl ocks .preferably
include controller blOCkAggér %ﬁk“ﬁ%%&i@?%%hé%%bnid*¥¥ calé&%&ted for
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 wmodel validation problem.
Computable lower and upper bounds for u, are generally

15 known.

In essence, after synthesizing a controller,
yu defines the maximum sizes of disturbances, noises, and
model uncertainty for which the closed-loop system -
preserves stability and performance. For a given set of

20 data, model validation pg-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 u(w) is less than p; (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 disc drive tracking
controller. The p; function is designated by 242. pulw)
for performance objectives is designated 244, and ul{w)
for stability is designated by 246. At each frequency,



actuator nodel 234, synthesis weights 231 (Werr]) and 233 (Werr]) which
are placed.on the current and tracking error signals 235 (u) and 237 (y%,)
respectiv genous inputs including commanded of fset %#% ANofes? (r

5 p03|t§g¥ é@ﬁ@or noi se 241 (n), signal 269 (ym, melghtpg %wﬁ), _
current disturbance 243 (d[err]), input weight 259 (Wi[err]), output weight
261 (Wi[err]) and position disturbance 24? (d[err]), and controlled outputs
247 (z1) and 249 (z2) corresponding to cu fent penalty and tracking error,
10 respectiv : 3 erys, d on Ier l ock 232 is
preferably pros::% 54 :bnééaltft%\%&é = ggeﬁﬁgrgggg%ht%g’n 6] nfy dtirst i tFes

i ncl udi ng” conpé&RSd dks - K| She) Wlpﬂaakofmamgy K{:tega] ;Ln I%red:mmeinsﬁr@r

“bop System Theoine whiere TRE Rzl Nodls (828 b eailf 00, (o
oop system The intercon i
sat Psf);i t he fofSe mvﬁﬂgwm%ﬁ% Tred dfti B a&%orl%ﬂa@rhe pRERIt Y

and tracki 8g 2@rower FOG. Eppatdieit 5ty rb1bgeatien k9btkm may lose
stability in the frequency range from 2 kHz to 4 kHz.
There are some frequencies in that range at which Ky

drops below pu(w) for both stability and performance

analysis.

10 By iterating 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

15 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.

20 The first stage is simulation, and the second stage is
implementation. 1In 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

25 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 6bjectives. In this way,

30 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.



-26- The interconnection shown in FIG 11 can be sinplified to an

equi val ent | i near fractional transformation shown in FIG 12. Li near
fracti on¥0 %/08368f or mati ons (LFTs) are frequently used in nife&PR9840109:ont 1 o]
theory to sinplify notation for interconnections of |inear systens, and can
be thought of as a mathematical representation of a block diagram
consisting of linear blocks with feedbackS-Fromthe LFT shown in FIG 12,
the resulting 10 Herr] optim zation criterion is as follows: Equation 7
[err] where F[err] (F[I&ds typerf ©Epning CanleratigsntlaE@Olﬁly

feedback i nt epggnpoel wme\ﬂ[ q&fﬂtzlalvirhefrggli newb”s@f{r]) bbhH%‘i

I nduced [err]-norm,of the argunent wher e he set ? conp ex
nunbers. For P8WuSESSe Fdrita quﬂ(ﬁﬁ%ﬁl%%b9§9§téﬁPQOthesﬁﬁqvqﬁﬂﬁea
control |l er, Kgewnkiralt ishalkidsizes adre }S@tuﬁéd[ﬂ #ith: aE@eallioRy &f w, to

{P: P'F[erg](AreS%bLeEBL}baﬁgﬁigtherr he new disc drive 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
10 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

15 closed-loop bandwidth.
FIG. 14 is a flow diagram including blocks
308-330 and illustrating the above-described process by
which the disc drive model is validated and optimized.
First, all of the weights for the uncertainty
20 description and the performance constraints are chosen
by the designer in order to design a model. These items
may, of course, be chosen intuitively, oxr through
experimentation. This is indicated by blocks 310 and

" 312,
25 Next, the matrix function p (w) is calculated
for conducting pu 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
30 techniques described above, or any other known
techniques.

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



-27- And further satisfies the performance objective: Equation 9

| | F[err] (F[err]([err],

Equat i onsw,998smad 7, the following norminequality can be gefissRA0109

G,K||[err]<i[err], 5 Therefore, from

[err]
in

Equation 10 where ||w [err] z||[err] = ||Flerr](Flerr]([err], G ,
Ky||[err] and werr] [err] z[err] 10 is the transfer functlon fromwerr]
to Z[err]. Therefore, if controller Kis _gesigned to satisfy || [err]

Z ||[err] < [err] then, fromthe Herr] optimzation criterion set out

| t
Equation 7, andwbrﬁﬁhhbg RfeRSval | FYrset eWe gﬁzﬁﬂgﬁhenc %e?% %y

foll ow ng 15

Equation 11 [e?géf%%ﬁ tEXnLQEqT§$%§ gﬁrhg gzgg Eguﬁ?lﬁhtlghe data (or

10

15

20

25

30

be consistent with the data) is known from Ug. Also, -

the maximum amount of uncertainty which the controller
can tolerate and still maintain stability and to meet
the performance constraints is also known (from u).

Thus, the next step is to compare p with Ky to
ensure that p is 1less than g at all desired
frequencies. 1If this is not true, then there are some
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,
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 pu;, with the new weighting
functions. This is indicated by blocks 310-322.

However, if at block 324, it is determined
that g is less than pg 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.

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. In order to optimize the system, the
weighting functions can be adjusted to provide better
performance, or less uncertainty, or both. u and kg 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. In other words, this can be repeated



[err] Equation 14 [err] 5 In addition, the follow ng
actuator penalty inequalities (actuator inequalities also hold: Equation 15
[err] Equwebbwes2d6 [err] 10 Equation 17 [err] Equation 18 [RETF/S8/101489- |t
can be seen that the perfornmance inequalities set out in Equations
11-14 act as a set of performance constraints on the system Equation 11
defines a tracking constraint, Equation-3z.defines an 5 I nput

di sturbance rejection (rotational vibration) constraint, Equation 13
defines a posiintoil dils¢ ustheume o€ eohservatisn almttlwumdmdehchadebeewrent

di st urbance 1 o] £gid on. L Il Na Ol I §ELEPDmEBRRAARNEL UYL o

rej ection, -Tepea runout Tejecti
st111 maintaining a controller which provides robust-

performance in the subject frequency range. Once this

5 has occurred, and no more optimization is desired, the
model has been validated and the controller has been
optimized to a desired point, and the design is
substantially complete such that the controller can be
implemented. This is indicated by blocks 328 and 330.

10 Therefore, it can be seen that the present
invention obtains both a nominal model and an
uncertainty model for a servo controller in a disc
drive. The nominal model is directed to average disc
drive performance for drives seen at the manufacturing

15 facilities. The uncertainty model provides an envelope
around the nominal model such that the model "covers"
substantially all drives being produced and therefore
characterizes a large number of the drives very well.

The present invention also uses a very simple model

20 validation algorithm to increase model fidelity and
decrease model conservatism. pu analysis and synthesis
techniques are used and model fidelity is increased by
iteratively refining the nominal model to more closely

" match average drive response in the frequency domain.
25 Conservatism is reduced by iteratively reducing the
level of uncertainty in the uncertainty description to

v the lowest 1level allowed to maintain closed loop
robustness in the disc drive. The model can be
repeatedly validated, on each iteration, by

30 recalculating the u and g, functions and comparing them
against one another to ensure that conditions for
robustness in performance and stability are maintained.

The present invention includes a system for .
validating a model of a servo controller 190 in a disc



10 current errors, and Equation 14 is a noise rejection constraint. The
tracki ng constraint set out in equation 11 is placed on the system so that

by sel ect{yoadoNgisdnts 233 (Werr]) and 251 (Werr]), the depcymsss/iaee force
the controller 15 to meet any desired response, if possible. For

exanpl e, the designer may wi sh to have the step response of the actuator to

have a certain appearance in the frequengyg domain (e.g., when nmoving a

track, or executing a read- to-wite offset). Typically, the weights wll

be chosen 20 gsugh tfﬁﬁeté@&&éfﬁ%ﬂ@9ofpe§tigonislépéﬂanléytdaaaﬁeroBlnglng

can excite structural nodes In_ the and heavy dagglngg ds .to avoid
B Pér

this problem $?r§%0%¢ﬁuﬁﬁ°ﬁo%§ﬁ't%§? b? ' BRE\SETHY S8R e dige

1&2/0 degrfeef of - %fi&fd(t]lp Cﬁaﬁiréméeg;lratrmﬂwéﬁenmlsyﬁébatpvewtd@s aanddzs’cra 25
gree of freedomto er e i npl.ementatjon of th

constraint. AJ%%r ?fe ii n%FeEHF In% erral'd qué% Ené%l |s pre erably

desi gned t® pruhedélsbedrﬂeal1seépnﬁseconSbnnﬂnﬁd of Thet sBomingjhemodeihe

per f or mance ob%gq; §t9é¥§@d?%y§§%%F!8@ ﬁérEBEﬁSﬁthéoﬁgtradhﬁ% dhive

response to na e respon i's type of tracking objective
is referred t o288 eWﬁPE@ﬁﬁ@nth 3l | 8&Fngof 'Hﬁﬁﬁ?%ﬂ%ﬁ%ﬁsow?gggF%PE

techni ques whi ghndeisak .M egHenetRabROAi gl amsadR| iEnatbmenyethedth an

i nt er connect [
on, ohich gyoi dg the additiong), staygs.

which captures
10 variations in the dynamics of the disc drive from the
nominal model. The uncertainty description is weighted
by a set of uncertainty weighting functions. The
present invention determines whether the constrained
augmented model 201 provides robust control at a desired
15 performance level. At least one of the performance
weighting functions and the uncertainty weighting
functions are adjusted until robust control is achieved
at a desired performance level.
In one embodiment, the present invention
20 determines a maximum uncertainty level pu(w) for which a
controller based on the model preserves stability in a
desired frequency range. A minimum uncertainty level is
also determined which is required for the model to
account for a desired portion of the dynamic
25 characteristics of the plurality of disc drives which
vary from the nominal model. The maximum uncertainty
level p(w) is compared with the minimum uncertainty
level in order to determine whethexr the con_strained,
augmented model 201 provides robust control at a desired
30 performance level.
In one embodiment, the servo actuator includes
a coarse actuator 173 and a plurality of fine actuators
158 wherein the nominal model is constructed to model a
multiple input, multiple output servo system.



-30- However, explicit techniques are preferred since they are often
sinpler to“design. The input and output disturbance rejection performnce
constrai nO8¥820ut in Equations 12 and 13 5 enabl e the tRGEUS81818%wi ng
servo systemto reject disturbances from exogenous sources, and to
therefore maintain tight tracking performance under these normal operating
condi tions. For exanple, a seek arrivad9+esults in actuator position and
velocity error at the 10 time the tracking controller is switched on.

I n addition, user configuktatiien tabjlket undarsticed drt:'hae:tcevterransha:tjgmal
and rot at i onal rahecknand o4yl stdad iRk hBgaRERLRTRAGE LS dinul T es

the servo system_to_respond g UI ckly and attenuate persis step
15  or i npul siSRPeiiNents P@nf: et BEgaent piRyenbira e kean weti fomtiances.

Furt her nore, e&&eﬁe/eﬁc)ré‘gcgihg?lrﬁ?ésémmnj kaggétlﬁ@rcﬁﬂﬁhaaété'ﬂgs' RE i s
general ly ghl %ﬁ_}l rabl e | t #ns These,requi r enment s ﬁ’@e

capt ur ed b%‘ SHEE 3P m&ﬁ %éﬁc? VAT pRPos ment  Qf

The effect of biraerdukorent thhd ddsqplesthrst uidhahtdestaatheen oy zednidhr ough

attenuati on of dlindl MAPHY (Al i8°hetdi12ebPbb1 I hheRetd Ly 11 25

in some proscri
structure an arrangement of parts within the principles

of the present invention to the full extent indicated by
10 the broad general wmeaning 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
15 spirit of the present invention.



Fast response results fromnore attenuation fromDC to a critical

frequency. .Ringing results frompeaking in the transfer function. -31-
Si milarlywoenkdshon di sturbances are ninimzed by attenuat ipegrusesiuaos on 20
[err] 5 The attenuation Equations 19 and 20 can be obtai ned by

setting the performance weights in Equations 12 and 13. Wile the systemis
not able to filter or reject sensor noise,,it is preferably designed so
that 10 noi se i s not exacerbated. This mght occur if there was peaking

in the transf er%#i%%%é%%@EﬂuiSi n Equation 14. The term peaking generally

goner al 1y Used ko refor th BRFERAeEATBRMAEALAN 3 GIeR odun-f OFF 7S

anetor' it o1 sl st essoup ubopersieencactasgeipare (i

t hose frequenci%eﬁ%%?%%y?%%éf%}\t?o%%jéyéi§c€§%§8%zag?%e Si‘,’\‘e/’%h%m o

performance, itinstiyendiakl yirdes rabl ove andoamesdatcera velatiroeseof id t er

using a priori d{ggrgﬁfkggeagﬁukhgh%fgyfﬁ§ive, the method comprising
steps of:

(a) constructing a nominal model of the disc
drive, the nominal model being
indicative of typical dynamics of the
disc drive;

(b) constraining the nominal model by a set
of performance constraints, the
performance constraints being weighted
by a set of performance weighting
functions;

(c) augmenting the nominal model with an
uncertainty description, the uncertainty
description capturing variations in
dynamics of the disc drive from the
nominal model, wherein the uncertainty
description is weighted by a set of
uncertainty weighting functions;

(d) determining whether the constrained
augmented model provides robust control
at a desired performance level; and

* : (e) adjusting at least one of the performance
weighting functions and the uncertainty
weighting functions until robust control
is achieved at a desired performance
level.

2. The method of claim 1 wherein the constructing

step comprises steps of:
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spectrum In disc drives, this is often acconplished by utilizing a

r epeat abl e runout conpensator which | ocks in on repeatabl e noise caused by

written-i WQPOBresul ting fromthe servo track witing syRGHSIEI0109
The actuator constraints set out in Equations 15-18 include a tracking

constraint (Equation 15), an input disturbance constraint (Equation 16), an
out put di sturbance constraint (Equation-4¥) and a noi se constraint
(Equation 18). -32- The role of the designer is to select the frequency

weights werr], werr], (@et¥)], obfasiming wasrd | staoling ersyswbinchdaegt ur e

per f ormance requirements for itrﬁf‘ié’é@fvgg%wgmf&%ﬂggﬁnﬁgeifﬁeﬁfmi ght

requirenments are easily expressed_ in th requency

selection is sinple. Ceneral 5§t diRf/edEive bekagemogielied; mnd | me- dormai n

requirements as well. Ha) @@nplefintiel ethder@hss ifRythaCl AkRinal

overshoot, rise tinmes, settle tines, and .ringing, ., wiich, S be,
converted to equival ent 10%‘%‘#3%&’}‘&?‘?%"?(;#f%&é’r&:‘f%%%‘(‘é?g.,

bandwi dt h, attenuation, peakiofyths csgrvdhsyacémabasedonrsi e tSyéOem
obj ectives) set out in EquatifQs, 15-18 penalize the actuator control

si gnal . This pref erabIT){l serves several roles. For -
3. e method of claim 2 wherein the augmenting

step comprises obtaining the uncertainty description
based on the system data indicative of dynamic
characteristics of a plurality of disc drives which vary

from the nominal model of the plurality of disc drives.

4. The method of claim 3 wherein the determining
step comprises steps of:

(d) (i} determining a maximum uncertainty
level for which a controller based on
the model preserves stability in a
desired frequency range;

(d) (ii) determining a minimum uncertainty
level required for the model to account
for a desired portion of the dynamic
characteristics of the plurality of disc
drives which vary from the nominal
model; and

(d) (iii) comparing the maximum uncertainty
level with the minimum uncertainty

* : level.
5. The method of claim 4 wherein the determining
step (d) (ii) comprises obtaining a matrix function u(w),
evaluating u(w) over a desired frequency rangé,
obtaining a matrix function p (w), evaluating Hg (w) over
the desired frequency range, and comparing u(w) with
Kg(w) over the desired frequency range.
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15 systens with little or no uncertainty, these objectives can force the
controller-to roll off, hence limting bandw dth. Normally, however, these
obj ecti vepgoadeszessed to linmt the nmagnitude of the control pcynsbsi0109

m nimzing the possibility of control signal saturation in the 20 servo
actuator. Tuning the associated weights is an iterative process, using data
fromsinmulation and tests to determ ne appopriate weights. C Robustness
and Mbdel Validation and Optim zation 25 Once the nodel has
been devel oped. and apprhpr maithosei ght sléime2beteredreatles, obbaindhgst ness

of the nodel igs_yaljdated. t : r

acconpl i shed ﬁggn%tgﬁrgéjrﬁg&ar%%p%ﬁﬁg °§’$nq§q %'sgt%gérﬁnkggéons data
function [err]indhchbiveal ofl seayroasys3Iem resparsemdiy 72 mlwerglabyl ptfy and
per f or mance pra@gggkgﬁtogngng AbgRa@nnection structure set out in FIG 12
whi ch i ncludes control , acCtuator _263 and -33- uncertainty 265.
[err] analysis7is used f&PeaRgtPch@L (Fd-adims IWhredwy ‘Hé?f%‘r‘ﬁﬁﬁﬁ&lng

properties of LBkpreenpeskes a&:su@arstsu:tﬁeecdf tuhenastepustled structured
uncertainty. FIG 12 gi Ve%ﬁt he . ener i nter cq:]nnecé lon;with.5 tr%ctur ed

uncertainty which is t or n[ce description
determlnlng additive uncertainty which

accounts for uncertainty in the nominal
model; and
obtaining the wuncertainty description by
determining multiplicative uncertainty
which accounts for uncertainty in the
nominal model.
8. The ‘method of claim 2 wherein the serxvo
actuator includes a coarse actuator operable to position
an actuator arm which carries a suspension and a
plurality of transducers, and a plurality of fine
actuators operable to position the plurality of
transducers relative to the coarse actuator and wherein
the constructing step comprises constructing the nominal
model as a multiple input, multiple output sexrvo system.
9. The method of claim 8 wherein the augmenting
step comprises using the uncertainty description to
augment the nominal model to account for substantially
simultaneous movement of the coarse actuator and at
T least one of the plurality of fine actuators.
10. A system for wvalidating a wmodel of a servo
controller in a disc drive, the servo controller being
operable to control a servo actuator in a servo system
in the disc drive to move a transducer relative to a
disc surface in the disc drive, the system being

configured to perform the steps of:
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analysis and [err] synthesis. After the matrix function [err] is calcul ated
for the system the function [err] is calcul ated. [err] is an extension
of the [WP¥P/O828newor k where perturbation bl ocks 10 are AGHYRS&1PHP0 two
sets, one satisfying maxi num norm constraints (simlar to [err]) and the

ot her satisfying mninmum normconstraints. It will be seen that such a
formulation solves a nodel validattr&d- problem Conputable |ower and
upper bounds for [err] are generally 15 known. | n essence, after

synt hesi zi ng a control |¥¥PNSEERGYLINGT heRoMaadaxMeGRlsi #€s shedi dischances,

noi ses, and nodel uncertai ntgriwg, Whi g¢het he dmisesh | comoRest em BEgger ves
stability and perfornmance. For?%%ven S podel val j dation

f 20 dat
[err]-anal ysis defines the mH Ve fgﬂP%?ﬁ?‘béﬁ'ég@f‘lﬁﬁi & thfd nodel

uncertainty necessary for thkisoddtrive;fit the data. The cl osed- | oop

t i bust if th i ' tahili d
L o ance on the act (riaElnfhe BRARANGAL RERRT! MPOLDA) BV A0
than [err] ([err]) [err] [errg¢rfprhnarpae gerRiratnesnsihe @arrivrhanhe data,

and the controller is consist¢@ptihibtEhgeciBaehei &40k o Nee Igfs_ed | oop
systemis robust over the err]. Fl 13 is a graph o

fre ugnc set &
frequency 271 versus 30 mi%?rqf anceswelghtiRg fara%iqns: and
per f ormance robust ness dugmenttingecdHeoopothinzaldr modellr aakithg aantaall er.

The [err] function is designaleds Py 64%eschiptidf "the uncertainty
description capturing variations in
dynamics of the disc drive from the
nominal model, wherein the uncertainty
description is weighted by a set of
uncertainty weighting functions;

determining whether the constrained augmented
model provides robust control at a
desired performance level; and

adjusting at least one of the performance
weighting functions and the uncertainty
weighting functions until robust control
is achieved at a desired performance
level.
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for performance objectives is designated 244, and [err]([err]) for
stability is designated by 246. At each frequency, -34- the cl osed-1oop
system i sw{;QQHﬁEJ y stable if [err] is less than [err]. Thepcriusot/aiios
frequency range 1n a disc drive occugs pwhese the structural nodes are
uncertain (that is, above approximately 1-2 kHz). Thus, it can be seen 5
fromFIG 13 that the closed-loop systemmy | ose stability in the
frequency range from2 kHz to 4 kHz. There are some frequencies in that
range at which [err] drops below [err]([err]) for both stability and

performance anal ysis. 10 By iterating on the
uncertainty and performance wei ghts, stability robustness can be
i mproved. This requires eitherf'il easgng the uncertainty |level or
reduci ng the desired perfornmance |ev th). Each ihﬁration
requires the [err] 15 robustness analysis to be re QI ated and
the uncertainty and perfornance hts to be tuned propfiately. Tuning
the controller in accorflance W e present—Thventdion ig preferably
conducted in two stages. Th i is si\aul ption, and the second
stage is inplenentationj I tagﬁig 0 d clpsed-1oop
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data is used to evaluate the effectiveness of the control design. Based on
this data, the nom nal nodel, uncertainty weights, or control perfornmance
wei ght s, $YO PH8269, | ot ¢t he above, are adjusted. One sinpl ePETHHSPR410109
technique is to adjust the frequency %eight2werr] in the performance
constraints set out in Equations 11-14. This wll directly affect all of
the rel evant performance objectives. In this way, 30 t he bandw dt h of
the controller can be easily adjusted by nultiplying werr] by a scalar,

Wi thout resorting to the nore conpl ex process of adjusting each of the

ot her frequency weights in the performance constraints set out in Equations

11-14. -35- This type of tuning can be advant ageously enpl oyed when
initializing a new servo con ggﬁr a new disc drive product. The
wei ghts fromthe previous gefie o] esign can be used, with a scaling of

werr] to 5 reduce the bandw dth on the new disc drive product until
design specific weighting s conplete. This can potentially lend
itself to initializing_a-f sduct nor ¢2@ui ckly. In addition, one

par anmet er can advapt’ageous be~tuned on-line -- the loop gain

i’/' | 118

of the servo T
|
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controller. In fact, the |l oop gain can preferably even be tuned on a per
drive basis. For exanple by scaling the servo controller, the Ioog gai n
can be iweyg9asRd or decreased resulting in an increase or PETAISIYLUY i 15
cl osed-1 oop bandwidth. FIG 14 is a 3| ow ¥ agram i ncl udi ng bl ocks 308-330
and illustrating the above-descri bed process by which the disc drive nodel
Is validated and optim zed. First, all of the weights for the uncertainty
20 description and the perfornance constunlnt are chosen by the designer
in order to design a nodel. Thegg cpfhcourse be chosen

intuitively, or through expec}nmnuaﬂb [g ¢)3 I ndi cated by bl ocks 310

and 312. 25 Next @ t na.(y eNn[err] ([err]) is
cal cul ated for conducting [err { yé ®oth stability and

per f or mance. This is indi @gat JThe function [err]([err])
can be calculated (or t®e ubper Lnd I|b %SL nfs of wwhat function can be
cal cul at ed) using the 3 hn ques ;c991:9d aBove, or any other
known techniqyegq | 4 fhdh ¢ nl 3 rfg’smg_ghe wei ght s chosen
in block 310. {THEs |9U|ndrc ted Hy bljpck B22. [As ntFBned'ébove‘oonce
[err]([err]) enqg[ dH call|tul atled, | | -
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-36- two things are known. First,
to fit the data (or

nodel

for the node

the m ni num uncertainty required by the
be consistent with the data) is

known fromwdewsped Al so, the maxi mrum anount of uncertainty RETQI$IEHR09
can tolerate and still4neintZain stability and to neet the
the next step is

controller 5

performance constraints is also knowmn (from[err]).
to conpare [err] with [err] to ensure
desired frequenci es.
frequencies in the subject frequency range at which the controller wll

at all

achi eve robus
whi ch t he cor
constraints,

310 in which
324. [err]([H
recal cul at ed,
i ndi cat ed by

determ ned th
robust perfor
t he wei ghti ng
326. 25

optim zation

HEAD POS 2

Fig. 5

that J[err]
If this is not true,

Thus,
S

| ess

t han

[err]

then there are sone 10

not

X | n other woggly, there luenci es at
troll wll be d abEIizedt:cr w | I ot per f or mance
or beth. In hi\J case, Qg pr oTess $ to block
new wei ghting fun s are chgsen. I S1Es i at ¢d by bl ock

rr]) _for perforl P d st@pilflity analysﬁ%:is t hen
s is|[err] w t 2 t he® nqw wei ghtdmg flunctliops. This is
bl d X2 Howeverl iif at| bl pck|[324, it is
at han [err](@t:qt de@® redffrequéncies, then
man e achf eved by theygqpiroller obtained when using
fu en| at b] ock 3]& O'En_l S 1s indicated by bl ock
ext det er whet her npr e
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reverts to bl ock 310 where new wei ghting functions are again chosen. In
order to optim ze the system the weighting functions can be adjusted to.
provi de Q& $orz2690 performance, or |ess uncertainty, or mtHUsIsfier0s] and
[err] are calcul ated using those newsval ugs to determ ne whether the

controller wll still provide robust performance. This can be repeated
until optim zation has reached a desired |evel. In other words, this can
be repeated -37- until the anpunt of conservatismin the nodel has been
reduced to obtain a desired performance level, while still nmaintaining a

controller which provides robust- performance in the subject frequency
range. Once this 5 has occurred, and no nore optim zation is desired, the
nodel has been validated and the corFl ereas been optim zed to a desired
poi nt, and the design is substanti al JP npw#t e such that the controller
can be inplenented. This is indicated by bl ocks 328 and 330. 10

Therefore, it can be seen that the present invention obtains both a nom nal
nodel and an uncertainty nodel for a _servo controller in a disc drive. The
nom nal nodel is direct eclsil aver age SITARTUN) ve perfornmance for drives seen
at the manufacturing 15 acititi es—Ttme~lncertai nty nodel provides an

envel ope

_|CONSTRUCT
1I92—" | MODEL OF
DRIVE

CONSTRUCT
DESCRIPTION
FOR DRIVE

SPECIEY
196~ | PERFORMANCE
OBJECTIVES

1
197—VALIDATE

MODEL

OPTIMIZE TO
198~__—|OBTAIN SERVO
' CONTROL
ALGORITHM

END
199



around the nom nal nodel such that the nodel "covers" substantially all
drives b€ing produced and therefore characterizes a | arge _nunber of the
drives VE@99/0869 . The present invention also uses a very SFRESEHIME| 20
validation algorithmto increase noel/fl%3elity and decrease nodel
conservatism [err] analysis and synthesis techniques are used and nodel
fidelity is increased by iteratively refining the nom nal nodel to nore

cl osely match average drive response in the frequency donmain. 25
Conservatismis reduced by iteratively reducing the |level of uncertainty in
the uncertainty description to the |owest |level allowed to maintain closed
| oop robustness in the disc dri ve.Fighe _d can be repeatedly

val i dat ed, on each iteration, "30 re€al cul ating the [err] and
[err] functions aMA Eng them agai nst one another to ensure that

condi tions for robusty@I¥s—in-parformange-and stability—atefpi ntai ned. The
present invention inclugdes a systemfor validating a nodel of a servo
controller 190 in a dj@FF=>=38—dfN«e. The servo controllerd 190 is
operable to co;t' ol_,se'réc)“ actgator 1M8, 158 in the servo sysfemof the disc
drive to nove ransip€er -181 rel ati to a disc surface 11 in the disc
drive 110. A noni nal"‘{'gfiél of
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5 the disc drive is first constructed. The nom nal nobdel is constrai ned

by a set of performance constraints which are wei ghted
per f or reoeswe2sght i ng functi ons. Then the nom nal nodel

by a set of .
i CAAPAFHIBY wi t h

an uncertainty description 202, 804/ %¥hich captures 10 variations in

the dynami cs of the disc drive fromthe nom nal nodel
description is weighted by a set of uncertainty weighti

The uncertainty
ng functions. The

present invention determ nes whether the constrai ned augnmented nodel 201

provides robust control at a desired 15 perfornance

evel . At | east one
nty wei ghting

of the performance wei ghting func ns an ncert ai
functions are adjusted until robu ntr ichl eved at a desired

per f or mance Ieveé I n one enbodlnen T he present inve
[ '%ty | evel [errL([err]) f or which a

20 det er m nes
ontroller based on

a HBX|nuqqu=
t he nodel serves stability in'a desired frequency T§

uncertainty
account f
the plural@t
uncertainty
| evel in ot
provi des
embodi nent ,

dynam c 25
the nonin

ni mum

pdel to

A\ eristics of
! The maxi mum

pdel 201
one

Vw0
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a coarse actuator 173 and a plurality of fine actuators 158 wherein the
nom nal nodel is constructed to nodel a nmultiple input, nmultiple output
Servo systebherey -39- It is to be understood that even theegiussnensus
characterrstics and advantages of vgyipugpenbodi nents of the present

I nventi on have been set forth in the foregoing description, together with
details of 5 the structure and function of, various enbodi nents of the
invention, this disclosure is illustrapjve |y, and changes may be made in
detail, especially in matters of stru e &hd arrangenent of parts within
the principles of the present inventio he ful l=extent indicated by 10

t he broad general neaning of ﬁle Wer ns i chst heg,appended clains are
expressed. For exanpl e, [

r%l e@dnt s nmay vary dependi ng on

the particular drive mad\ht ai i ng substantially the sane
functionality witho ope rangh 150 spirit of the
present invention. S| = w
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1. A nmethod of validating a nodel of a servo controller in a disc drive,
the servo controller being operable to control a servo actuator in a servo
systemin the dISC drive to nove a transducer relatlve toz$¢¥ bfobace n
the di sc WP;i%@8269 he net hod conpri si ng, stegg (a) constructing a nonlna
nodel of the disc drive, by |nject|ng |t|on di sturbance into the disc
drive, and obtaining servo systemresponse to the position disturbance

i njected, the nom nal nodel being indicative of typical dynam cs of the
disc drive; (b) constraining the nominal nodel by a set of perfornmance
constraints, the perfornmance const b wei ghted by a set of
performance wei ghting functions; (C) e g the nom nal nodel with an
uncertainty description, the uncer criptiggscapt uring variations
in dynam cs of the disc drive from nodel , wherein the

uncertainty description is wei ef—uncertainty wei ghting
functions; (d) determ ning whe rai npd augnent ed nodel provides
robust control at a desired pe | ; apd (e) adjusting at |east
one of the performance weightipg f nd the uncertainty weighting
functions until robust control|is achieved at a fesired performance | evel.
2. The nmethod of claim 1l wherein the constructiing step conprises steps

of : (a) (i) obtaininggane stor|ng stemdatp i ngdicati ve of dynam c
characteristics of the Wikc drkve—Heing nndu~nu, and (a) (||) efi ning

paranmeters in th Qninﬁl nodel indi catghve of the tXE cs of the
servo system based on t@g systen1aata. . +he et ogaor Qgé 2 wherein
E [

t he obtai ni ng and st oni st epreoemdri ses obt and stor yst em dat a
froma plurality of dis rives beilng_nndelel. 4 Bethod of claim3
wherein the augnenting step copprises obtalnlng he uncertainty description
based on the systemdata indichldi ve of dynam c chdracteristics of the
plurality of disc drives which|vary framthe nonm|nal nodel of the plurality
of disc drives. _ K

26|

Fig. 13
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5. The net hod
of: (d) (i) dete
based on

(ii) determning
account for a de
plurality of dis
(iii) conparing

| evel . 6. The

conprises obtain
over a desired f
eval uating p[err
[err]([err]), w
met hod of cl aim

uncertainty desc
for uncertainty

t he additive unc
drive. 9. The

conprises inject
servo systemres
for validating a
control |l er being
the disc drive t
drive, wherein t
position an actu

of claim4 wherein the determ ning step conprises steps
rmning a maxi mumuncertainty level for which a controller
gl preserves stability in a desired freque o (d)

a nlnlnun1uncerta|n§% Vqul required for ?ﬁgnﬁgggﬁo%o
sired portion of the dynanmc characteristics of the
t he maxi num uncertainty

c drives which vary -41- fromthe nom nal nodel; and (d)
o ol dg T
X (o

Wi th the m ni num uncertainty
wher | START fleterni ning step (d) (ii)

ing a tion [€ rr ;Cyaaluating [err]([err])
egueReyY—ahger—obtat-rRgea-satri—funretion [err] ([err]),

| ([err]) over the desired firequency range,1$nd conpari ng
th [err]([err]) ¢ver thie desiTed frequency fange. 7. The
1 wherein the au Et WEIGHPSi {25360t 4i ni ng t he

whi ch accounts

im7 wherein

in the disc

storing step

p and obt ai ni ng

10. A system
t he servo

taintyI
of cl
nances
tai ni ng and
he disc dri v¢
ps- g ect ed.
a disc drive

[ i ption by determ FIQR WNCERTAINTYe!

" Lre, pom nel IHEND PERFORMERCE

ertainty account
et hod of clai m8 wher gin_thhe g
ng current disturbancesDESIGN

ponse to the current di|s c
nodel of a servo contlupgnﬁepn

operable to control ator in a servo systemin
O nove a transducer d@t' di rface in the disc
he servo actuator in f@ e?m"%-g;? actuat of operable to
at or arm which carri ¢s_a ensijon and a pllurality

CALCULATE

/322

324

AT ALL DESIRED
FREQUENCIES

j/4326

ROBUST PERFORMANCE
ACHIEVED
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YES _~OPTIMIZATION

DESIRED
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configured to performthe steps of: constructing a nom nal _
t
;ij_Elp"y
er f or manc
constrai-nts being wei ghted by a set of performance wei ghting l ons; :
a set of, uncerta A8d L holENFs S chBhRET 9/dR3 HEAE SelTontrol
Con?tra'lhz %’g‘ Béoégj: aridﬁ%g ug‘ ?aerI sgr%irg%eat}iscafééﬁgﬁ% ezn.m:r.
P o Sl T 0 G e G e B bR Bupert o1 [ 19

of transducers, and a plurality of fine actuators operable tﬁméﬁw\'

plurality of transducers relative to the coarse actuator, t{h Stem b ';zg
de g)UAN}@b

di3c drive as a nmultiple input, nultiple output servo syste

nodel being indicative of typical dynamcs of the disc driv

the nom nal nodel by a set of performaw constraints, the

augnmenting the nom nal nodel with an un-certainty description, the

uncert ai dERQR. capturing variations in dynamcs of the disc drive

fromth Wh}hq 1 bq,g' wherein the uncertainty description is weighted by

functions g s untt1m 1o control is

achi eved at g, dgsidadel LOLIBNGEILRY Ble disc driveZy iikctin Qfo&ﬁér{‘& tuRfarh 2l M

e A R S e g

novenent of a pP‘Era%h?t'} 0 'bﬁle ?raﬁ% gc"er's.“’% VPR VT ilégcs? méé ai m10

i M R

actuators. 13. uter systemfor validating a nodel of a servo

control [er | Qc)a aq}gﬁ%nﬂﬁé iﬁ%’nomr?al Hodewith an uncertainty description, the uncertainty

description capturing variations in dynamics of the disc drive from the nominal
model, wherein the uncertainty description is weighted by a set of uncertainty
weighting functions;

(d) determining whether the constrained augmented model provides robust control at a
desired performance level; and

(e) adjusting at least one of the performance weighting functions and the uncertainty
weighting functions until robust control is achieved at a desired performance level.

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

(a) (i) obtaining and storing system data indicative of dynamic characteristics of the
disc drive being modeled; and

(a) (if) defining parameters in the nominal model indicative of the typical dynamics of
the servo system based on the system data.

3. The method of claim 2 wherein the obtaining and storing step comprises obtaining and
storing system data from a plurality of disc drives being modeled.

4, The method of claim 3 wherein the augmenting step comprises obtaining the
uncertainty description based on the system data indicative of dynamic characteristics of the
plurality of disc drives which vary from the nominal model of the plurality of disc drives.

5. The method of claim 4 wherein the determining step comprises steps of:

(d) (i) determining a maximum uncertainty level for which a controller based on the
model preserves stability in a desired frequency range;

(d) (ii) determining a minimum uncertainty level required for the model to account for a
desired portion of the dynamic characteristics of the plurality of disc drives which vary

D O A



control | er being operable to control a servo actuator and servo systemin
the disc drive to nove a transducer relative to a disc surface of the disc

drive, "the conputer systemincluding conputer readable ins rREPLAE'EMEM“SHEET

whén executed by the conputer, cause the conputer to perfofmp-hre—steps—of

constructing a nom nal nodel of the disc drive, the nom nal rmd@he?ﬁ;m

I ndi cative of typical dynam cs of the di S1. drive; constraini I

nodel by a set of perfornance constral nts, the performance|cqnsiraints., -

bei ng weighted by a set .o rmance wei ghting functions;} augnenting the
" Fiogs the el BlacBE phd

nom nal node y descri pt ion by determ ni r-guadd' i
uncertainty for.uncertaj nam nal

uncert ai nt y %s@ﬁﬁg%wit PWI'%WBF? eﬁ‘%‘“ﬂ?ﬁé‘ﬂ?'&?%f’"‘fﬁﬁ%ir@f @xeld“ ve

hted b
B
o or ol fedof el i pavci' G wgm. g

functi ofd 'dls ﬁnpﬁg functlons until robust control is
achi eved at a de5| red performance level . 14. The conputer system of claim
13 and furt h | udi hy ut er eadabl truct I ons

execute |m4 5‘?{% ﬁgf W@Fﬁpl\é\% '}%tHE ctl ng
Step as | it el '05 Pon PR i U

dynam c %P RERT 1cs of the servo system being rmdel ed; and def| n| ng
paraneters in the nom naI nodel indicative of the nom nal performance of

t he ser a. 15. The c ut t em of

D e R N L e
gl(glcTt éde%ihaﬁﬁ%s'eé%ﬂg C;(:'?:g the conputer to performthe step ofen
obt ai ni ng

9. The method of claim 8 wherein the obtaining and storing step comprises injecting
current disturbances into the disc drive and obtaining servo system response to the current
disturbances injected.

10. A system for validating a model of a servo controller in a disc drive, the servo controlier
being operable to control a servo actuator in a servo system in the disc drive to move a
transducer relative to a disc surface in the disc drive, wherein the servo actuator includes a
coarse actuator operable to position an actuator arm which carries a suspension and a plurality
of transducers, and a plurality of fine actuators operable to position the plurality of
transducers relative to the coarse actuator, the system being configured to perform the steps
of:

constructing a nominal model of the disc drive as a multiple input, multiple output servo
system, the nominal model being indicative of typical dynamics of the disc drive;

constraining the nominal model by a set of performance constraints, the performance
constraints being weighted by a set of performance weighting functions;

augmenting the nominal model with an un-certainty description, the uncertainty
description capturing variations in dynamics of the disc drive from the nominal
model, wherein the uncertainty description is weighted by a set of uncertainty
weighting functions;

determining whether the constrained augmented model provides robust control at a
desired performance level; and

adjusting at least one of the performance weighting functions and the uncertainty
weighting functions until robust control is achieved at a desired performance
level.

I g



and storing systemdata froma plurality of disc drives bei fig [ |
-42a- 16. The conputer systemof claim 15 further including % “g @E]NT SHEET
readabl e i nstructions which, when executed by the conputer, Jcause the
conputer to performthe augnenting step by obtaining the ungelt 4 ®tjaN 2002
description based on the systemdata indicative of dynamic g¢haracteristics
of the plurality of disc drives whi ch vary om t he nom nal {nod€r—0of (he
plurali ty of disc drives. A et hod of 1 i dat i ng a m)debl of a servo

control a dis vQ. contt Ier trol
o sorvolfy e 8539' ot W%‘F&Z‘f‘ pdiond ol fis il 4@?& e
rel atlvgfstc pup g@c 4 {" r|3| n eps
of : (a)oc%ﬂgfa\l i r%ns SFﬁ’ Ral nodel of the disc drlve by obt ai ni ng servo
response data indicative of servo systemresponses to a pI urality of

B M S e
Todel h8 a;g%ﬁ:atggg éaag T@%? &?é)%&ﬁiw%& %a;;g? %?L.g‘?e i%ﬁ@%t

constral n| ng t he nom nal nodel by a set of performance constrai nts, the

perfor onst rai nt $| n ht ed trdl&F wmeg&trvyg
e i éof; i
of the XS g U%er %Jf&tt ﬁgrfa g o' d 4
descrip :§ RiE éclh B’Pen g%qu{ S8 HEe ‘Tl% (,etcf é’ter(t%l)
det er m Rf "‘Aﬁ&s ‘he const rai ned augnment ed nodel provides robust control

at a desir ed d?\%{ruamg (?mnglvn%del oﬂﬂe disc drive, the nominal model being indicative of
typical dynamlcs of the disc drive;

constraining the nominal model by a set of performance constraints, the performance
constraints being weighted by a set of performance weighting functions;

augmenting the nominal model with an uncertainty description by determining additive
uncertainty which accounts for uncertainty in the nominal model, the uncertainty
description capturing variations in dynamics of the disc drive from the nominal
model, wherein the uncertainty description is weighted by a set of uncertainty
weighting functions;

determining whether the constrained augmented model provides robust control at a
desired performance level; and

adjusting at least one of the performance weighting functions and the uncertainty
weighting functions until robust control is achieved at a desired performance
level.

14.  The computer system of claim 13 and further including computer readable instructions
which, when executed by the computer, cause the computer to perform the constructing step
as the steps of:

obtaining and storing system data indicative of dynamic characteristics of the servo
system being modeled; and

defining parameters in the nominal model indicative of the nominal performance of the
servo system based on the system data.

15. The computer system of claim 14 further including computer readable instructions

which, when executed by the computer, cause the computer to perform the step of obtaining
and storing system data from a plurality of disc drives being modeled.
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(e) adjusting at |east one of the performance wei ghting funcfi o tdre
uncertainty weighting functions until robust control is achi \/@ﬁé&}@fm SHEET

desired performance level. 18. A nethod of validating a nodgl{of a servo
controller in a disc drive, the servo controller being operaple 0®R gan 212
a servo actuator in a servo systemin the disc drive to nove| aJ transducer
relative to a disc surface in the disggrive, the nmethod conprrsrmg—steps
of: (a) constructing a nom' nal nodel of the di sc drive t he hom nal nodel

Pﬁg n%ol gl cafey X utér%%t% of mq}qﬁrﬂ@r AR F %ga ,ng Qﬁlﬁﬁ@' ni ng
S‘Jgfﬁeﬁt &g’;ﬁf‘ mg'}ﬂ);e\ﬁﬁé#gﬁgﬁ ét5as oRGiﬁ taV}ﬁa. i éfs; nI(<r:])g
rrult| pl f(@z (yglt'yncer?& n accoun §fa or uncer {nh y ° e nom Na

%he Uncertainty descri ptlon capturing variations i n dynam cs of the

d| sc dr|ve fromthe nom nal nodel, wherein the uncertal nty description is

vei ght eg, by @ vaRERhg alnhddér ¥F 9&% @&wt adlsc drlve't ‘é%térﬁrv hiroller
it

determ B‘énﬂ%a %c& F‘ol%% Flo! 1 Iﬁ &y iyt control
ans

at a de t he
perforrrance vve| ﬁv n%u' @Aﬁg'an untertaln y vvelg Qn uncti ons

until robust a§°96ﬁs9|]ucﬁni; RN A o?tl'lq-.'%étf Gifhe By JoBlifTRG S6rvb F¥dponse data

indicative of servo system responses to a plurality of different input signals and
performing finite element analysis on a portion of the disc drive, and subsequently
deriving structural data for the portion of the disc drive from the finite element
analysis, the nominal model being indicative of typical dynamics of the disc drive;

(b) constraining the nominal model by a set of performance constraints, the
performance constraints being weighted by a set of performance weighting
functions;

(c) augmenting the nominal model with an uncertainty description, the uncertainty
description capturing variations in dynamics of the disc drive from the nominal
model, wherein the uncertainty description is weighted by a set of uncertainty
weighting functions;

(d) determining whether the constrained augmented model provides robust control at
a desired performance level; and

(e) adjusting at least one of the performance weighting functions and the uncertainty
weighting functions until robust control is achieved at a desired performance level.

18. A method of validating a model of a servo controller in a disc drive, the servo controller
" being operable to control a servo actuator in a servo system in the disc drive to move a
transducer relative to a disc surface in the disc drive, the method comprising steps of:

-{a) constructing a nominal model of the disc drive, the nominal model being indicative
of typical dynamics of the disc drive;

(b) constraining the nominal model by a set of performance constraints, the

performance constraints being weighted by a set of performance weighting
functions;

(c) augmenting the nominal model with an uncertainty description by determining
muiltiplicative uncertainty which accounts for uncertainty in the nominal model, the
uncertainty description capturing variations in dynamics of the disc drive from the
nominal model, wherein the uncertainty description is weighted by a set of
uncertainty weighting functions;
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(d) determining whether the constrained augmented model provides robust control at
a

desired performance level; and

(e) adjusting at least one of the performance weighting functions and the uncertainty
weighting functions until robust control is achieved at a desired performance level.
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A system and method validate a model used in implementing a model-based servo controller (190) in a disc drive (110). A nominal
model is first constructed. The nominal model is augmented with an uncertainty description (202, 204) to characterize variations in
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