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Abstract - In this papcr, adaptive robust controllers :rre
proposed lbr  dual-stage hard dis l< dr ives.  An Improved Desired

Conrpcnsat ion ARC ( lDCAl l ,C) schemc is proposed in th is puper

for  both actuators of  the systcm, in which the t radi t ionnl  ARC is
powered by a dynamic adapt ive term. Moreover,  a s imulat ion

study of  these contro l lers are presented,  in which thc contro l lers

designed based on simple models for the subsystem are
implemented on a more comprehensive,  exper imental ly  ver i f ied
models of the systern. Simulation result verilies the efltctiveness
of  the IDCr\RC method in provid ing the rcquired t r rck ing,  in
prescnce of  unstructured uncerta inty lbr  thc nrodels.

lntlex Terms - Adaptive robust cortrol, dual-stuge hard disk
rl riv e, rly n a mi c u du ptuti o n, r o b ustness v e r iJicu tio tt.

I. INTRODUCTION

The demand for continually increasing storage density, and

reducing the data access time in commelcial hald disk drives,

necessitates the performance implovement of the head

positioning systems. The servo system must achieve precise
track fbllorving, the positioning of the head on a desired tlack.
and fast track seeking, the transition fl'om one track to another'
talget track. The seeking time, should be minimized fbr' 1'aster
data transmission lates. To meet these requirements the selvo
bandwidth of the head positioning system must be increased
to lowel the sensitivity to distulbances such as disk tlutter
vibrations, spindle motor run-out and external viblations [].
However, the servo bandwidth is mainly limited by the
mechanical resonance of the head positioning system. The
dual-stage actuation system off'ers one way to enlalge the
selvo bandrvidth. Using high bandwidth secondaly actuatols
mounted on the voice coil motor (VCVI) has been investigated
lbr many years [2]. and is regarded as a feasible alternative to
single stage selvo systems. tn this paper, a dual-stage hald
disk drive system is considered, in which a push-pull type
piezo-electric transducer (PZT) is used as a second-stage
actuator, in addition to the first-stage VClvl. The VCIvI has a
large operating l'ange and a low resouance tiequency, and is
used tbr coalse positioning. The PZT actuator has a small
opelating lange and a high resonance fiequency. and is used
lbl tine positioning.

There ale several attempts to develop unitying control

algorithms, i,vhich work for both track seeking and track

fbl lowing [3-10]. Such control algol i thms uti l ize LQR/LQG

contlol lel  structLlfe [  4 ,  5 ] ,  composite nonl ineal t 'eedback

contlol [6], gradient based tlack fbllowing [7], or othel lobust

approaches fol control [8]. Adaptive robust controllel are also

developed for single-stage hard disk seruo systems [9], and by
introducing dynamic adaptation into the adaptive structure of

such contlollers plomising results in terms of t'ast and accurate
tracking peltbrmance in pr-esence of modeling unceltainty is

obtained [10]. In this paper. this approach cal led IDCARC is

implemented fbr 1he dual-stage disk dl ive servo system. and

its closed loop peltblmance is compaled to that of ARC in
pl 'esence of modeling uncertainty. To veri fy the robustness of

such algorithms, experimentally velified models fbl the

system I l l ] ,  is used in the simulat ions. The simulat ion results

applied on this model is promising to wolk well in practice.

The paper is organizecl as lbllor,ving. in section 2. the dynamic

models fbl dual stage hard disk drives are described in detai l ,

and high older l inear models fbr HDD subsystems are given in

addition to the rnodeling uncertainty. Section 3 is dedicated to

the development of ARC and IDCARC methods and its

theoletical perfbrmance chalacteristics. In section 3 the details

of simulat ion stuci ies, and the obtained results is elabolated.

II .  DYNAMICS MODELS OF DUAL-STAGE FIDD

Fig. I  i l lust lates a schenratic of a hard disk drive (HDD) ivi th

a dual-stage actuation system. Several disks are stackecl on the

spindle motor shafi .  and each disk is accornpanied by a pair of

lecording heads. Each head is attached to the tip of a

suspension. Tlre PZT actuator is placed between the

suspension and the base plate. The VCM actuator moves the

carl iage, base plates, PZT actuators, suspensions and heads al l

together, and the PZT actuatol dlives only the suspension and

the head. Thelefbre. the total movement of the head is

conposed olthe individual movement provided to head by the

VCM and PZT actuators. ln ordel to control the posit ion t ip of

the head of HDD with the stringent accuracy requirement, two

controllels must be designed tbr the system, in whicli the
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VCM closed loop t'eedback provides the course positioning.
and the PZT acttator eliminates high fi'equenc-v distur-bances
apptied to the system. In order to model the individual
actuators of the HDD let us stalt with a complehensive
nonlinear model for each actuator. A nonlinear model lbr the
VClvl is given as following [0]:
f ; - -
{
lJx, = u - Br, - Ar Sign(y) - F,,r" + F,,, + Fn

in which. a=fxyx2lr represent the state vector of the angular'

position and velocily, y is the position. ,./ is the moment of

inertia. a is the control input, A and Ay are coefflcient of

viscous and coulomb friction, r'espectively, fi,r, and F,

represent the eflect of hysteresis loop and high fi'equencies
uncertainties, respectively, and, Fd is the extemal

disturbance. Similar nonlinear models can be derived for the
PZT actuators in HDD's. ln order to apply linear robust
controllers to this problem, the nonlinear model of each
actuatol of the system is represented by a linear model and
multiplicative uncertainty, using a systematic linear
identif lcation scheme. In this representation. the nominal
model replicates the dynamic behavior of the system, only at
nominal conditions, and all nonlinear intelactions, unmodeled
dynamics and the disturbances ale encapsulated via an
unstructured uncertainty representation. This idea is used
extensively in many applications, where linear H. or p-
synthesis schemes are used in controller design of some
nonlinear systems [1 I, l2].
In order to represent a system into this fbrm. suppose the true
system belongs to a f'amily of plants ll, which is defined by
using the following perturbation to the nominal plant P.:
vP(s )en  e (s )= ( t+ r ( s )e r  ( ' ) ) q ( ' )
In this equation l(s) is a stable transf'er lunction indicating the
upper bound of uncertainty and A(s) indicates the admissible
uncertainty block, which is a stable but unknown transfer'
fr"rnction with ll n ll-. l. In this genelal representation
A(s)W(s) describes the normalized pertulbation of the true
plant 1i 'om nominal plant, and is quantitatively determined
through identification at each fiequency:
P( iot\
; j - - t = t \ j a )w ( j a )
ro\Jo )

tn whicnlll l l* q I ; hence.

I p( iro\ |
l '  Y ' " { - r l  4 w (  i r \ l  .  v ,  Q )
lP, l j . )  |  

'  ' "  ' '

Whele, lW(iO I represents the amplitude of the uncertainty
protile with respect to fi'equency. Nominal plant P,,, can be
evaluated experimentally, through a series of ftequency
l'esponse estimates of the system in the operating legime.
Linear identification lbr the system can be applied with
dittbrent input amplitudes, while their outputs are measured
and logged. By minimizing the learst squares of the prediction
error. fiom the qet of input-output inlbrmation, a set of linear

lr7.l. f"rirll rrilrrl
il-lsFCll5-l(}l1

prrrh 'eu i l -  l l r l i
l)Z'I -ei*urr:nt:.

V.'{;1i-i lclrt irt 0f

Fig I Schernatic of HDD rvith PZT actuator

models are estimated tbr the system, which can be considered
as the set ll. The uncertainty upper bound I,/(s), is then

obtained using Equation (3), while the nominal plant P" is
selected fiom the average tlt ovel all the individual identifled
plants. By this means, not only the nominal plant of the
system is obtained. but also a measure of its perturbations.
wil l  be encapsulated by the mult ipl icat ive uncertainty.

Using this technique the actuatol linear models are derived
from experimental fieqr.rency response estimates of system

Ii l ] .  In older to measufe the t ip posit ion of the PZ-l actuatol a
Laser-Doppler-Scanning Viblometer (LDV)' is used in this
lel'erence. Fol each actlrator, 2l fi-equency fesponse estimates
are then derived expelimental ly using a Dynamic Signal
Analyzer'(DSA), which are presented in Figs. 3 and 4. The
nominal model of the actuators is delived by averaging all the

frequency response estimates I l]. The nominal model of the
VCM-actuator which is shown in Fig. 3, is a stable 12 order
non-min phase system, r,vhose pole zefo patterns ale given in
fabfe I.  ThePZT actuatol model is also a stable but 10 older
non-min phase svstem whose zero-poles pattern are given in
Table II .
The uncertainty plotiles of the models ale experimentally

TABLE I
PoLES ZEIToS PATTERN oF VCM NoMINAL IVIoDEL

Zeros

( 1 )

l a

7 t {

o  l o

r  I , l 2

G0 0230  +  0  08961 )  x lQ '  ( - 0  0076+  0  l l l T  i )  x l 0 '

( - 0 0 0 8 9 + 0  1 2 9 5 1 ) " l Q r  ( - 0 0 2 1 4 + 0  l 3 l 3 i ) ^ l 0 l

( - 0 0 1 2 4 + 0  I 4 0 l . i )  x l 0 r  ( - 0 0 8 9 8 +  |  9 9 2 7  i )  r l Q {

G 0 0 9 1 5 +  |  8 5 8 9 1 )  x l g r  ( - 0 , 0 7 7 0 i 3  5 6 2 0  j ) , 1 0 {

( - 0 0 7 2 9 + 3  l l 8 3 j ) x l 0 r  ( 2 . 4 2 4 8 ! 7 . 3 8 2 8 j ) x t g r

(-00747 t6 6933 j )  x lQr 2.5886x10t,  -5 5608'  l0r

TABLE I I
POLES ZEROS PATTERN OI' PZ]. NON,IINAL MODEL

Poles

1 )

? a

( - 0  0488  +  3  I  l 4 l j )  r tQ r

( - 0 0 8 6 9 r 4 1 0 6 6 j ) ' l 0 l

( -0 2287.r  5 1408j)  x lQr

( - 0 0 3 2 0 a 6 7 1 2 3 j ) * l 0 r

(.-l 4642 r 8 46 | 6j) x ta'

( -0 0056 + 0 3 l32j)  x  l0 '

( - 0 0 1 6 8 + 0 a 2 3 9 j ) x l a '

( -0 0267 + 0 5234i)  '  l0 '

( -0 0588 + 0 7707.)  x lQ5

1.2430x10s,  -4 3606, I05
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1 0
Frequency lHzl

Fig 2 The frequency response estimates for the VCM, the norninal modei
and its reduced fonn

t o " 1 0 -  1 0

Fig 3 The frequency response estimates for the PZT, the nominal model
and its reduced fonn

r o t  r o n

Fig 4 The multiplicative uncertainty profile of ttre VCM

r |  i

section, the adaptive robust control ler lbr the system is
designed based on a reduced older model of the system.
Hence the l i r l l  older model tr l ' the systenr and i ts uncertainty
pfof i le is used in simulat ion to veri f l , '  the robustness of the'
proposed algori thnr in presence of '  modell ing uncertainty.

I I I .  AonprlVE ROBUST CONI.ROL

In older to design the adaptive robust controller, identification

of a simple model for the system is sutflcient [10]. The

comprehensive models for actuatols can be t'educed to second-

order transfer functions as illustrated in tigures 4 and 5. The

state space lepresentation of such models can be lineally
parameterized as:

' " 1

?ti t = u - 0.x, - 0rS ign (x r) + 0u + d

In which 0q = dn is the nominal value of the lumped

disturbancez/. lt is assumed that. all the etl'ect of unmodeled

dynamics, hysteresis and high fiequency resonances of the

systems are absorbed into the term r/ . In older to describe the

contlol ler strr-rctule, considel the fbl lorving assumptiorts.

.tlssuntplions: The fbllolving bounds and stt't'tctut'es tbt'

unceltaint ies and disturbances at 'e assumed.
0  e  Qr :  {o  .o^ ; , ,  <0  <o^^ \1

d e {),, : \d .ld l< 6,r}

In rvhiclr,  d-in = [dt* i , , ,  . ,1orrr inl1 ,  d,, ,o* = lgr,nn*, . ,0ono*fI

and d,/ are assumed to be known. Let B denotes the estimate

o f  d  a n d  d  t h e e s t i m a t i o n  e r r o r ( i . e .  d =  e - O ) .  l n  v i e w o f  ( 4 )

the fbl lowing adaptation law with discontinuous ploject ion

modif lcat ion can bc used:

0 = Proi (l r) (6)

where, l- > 0 is a diagonal matlix, r is adaptation function to

be synthesized later. The projection mapping is defrned as:
Pro j , , ( . )  =  lP r r r  ( . t ) , .  .P r , r y  ^  G , , t l t

ut u,

(  ̂  . . .  ;
p r o l  , ; 1 . , ) = 1 0 ' ( i I  

0  = u , ^ " : u ' ,  > 0 ) o r ( i I  0 ,  = 4 " , , , '  & ' ,  < 0 )
,  

t  
. t  u t n e t a v r . s e

It can be shown that fbr any adaptation function

projection mapping used in (7) gualantees [10]:
P l  6  eQ, , :  {0 :0 , , , , , ,  <0  =0 ,  . }

P 2  0 '  ( l - ' P t o j ( f r ) - r ) < 0  Y r

ARC Conlroller Design

Det lne  a  PD sr l , i t c l i i ng- func t ion  as  p=e+k,e= x t -x2c t t  ;

*h.re ,rrcrr = y,, -k,e and e = y- vLt(l) is the output tlacking

error, y,1(l) is the desired tl'ajectory to be tlacked by y, and

t1 is any positive f'eedback gain. With fespect to (3) one can

obtain:

Jjt = u - 0,ir",, - 7rx, - O.Sign(xr) + 0, + i = u + rp' e + d

l f  p is small or converges to zero exponentially. then the

output tracking error e. wil l be small or cotlverges to zero

(3)

(4)

E

c 10-
r

I

600

400

$ 2OO

9 o
!
f -2oo

-400

(5 )

: : l : t : l : r l I t l

-  _  !  _ r _  - r J  r L

- r -  -  - r - r - r - r  
l l

(7)

r the

(8)

(e)

r  !  t ' : : : :
:  a ; , .  :  l
- +  l :

-  : l la i  i j  
' i

i ,  I t r  '

f  i  : : . :  :

1 o '

Fig 5 The multiplicative uncertainty profile of the PZT

derived and using equation (2) the unceltainty profiles afe
calculated fbr each actuator and illLrstlated in figures 4 and 5,
respectively. As it will be elaborated in the ploceeding

: t :  l : :  . :  : t : i

|  .  I  t r i r _
- r -  

I  
_  _  

t -  
-  

l
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Fig 7 TDCARC Block diagrarn

z. .  This may complicate control ler gain tuning plocess in an

experimental implementation. In the IDCARC, the contlol law

and the adaptation lunction have the same form as (10) and

r -- e p, r'espectively, horvever, regressor rp is substituted by

the desiled l'€gl'€sSol r,a,7 :

u = L t l . t  + L t r  u , , = - r p ' r ?  r = e . r  p  ( 1 3 )

Whele q, j  =f-yu,-1tu,-SiCn(iu),11. Substi tut ing (13) into

(l  l )  and noting that r" = i , ,  + d, one obtains:

Jb = 
"" 

- rpl6 + (0,k, - 0,)i + 7rfsign(y,,)- Sign(xr)l+ i (14)

Note that since only the desired trajectory infblmation y.1(l)

is needed in this case. the eft'ect of noise is leduced

signit icantly. Compaling (14) 
"r, i th 

(11), i t  can be seen that

tr 'vo addit ional telms (Lrnder'  l ined) has been appeared. which

may demand a strengthened lobust contlol tunction u, fbr a

r-obust per'ltrlmance. 
'Ihe 

slrengthened robust contt'ol tirnction

a" has the same fbrnr as (10):

u .  = t L "  + L t " u .  = - k " p ( 1 5 )

The dlalvback of using desired regressor qa instead of

measuled one e , is the inability to attenuate disturbance fast

enor-rgh to accommodate hard disk dlives requirenients. 
'l'his 

is

lemedied in IDCARC by using a dynamical adaptation law.

As depicted in Fig. 8 i t  is proposed to change the 1(integrator)

estimator wit lr  a PI (Ploport ional- lntegral) routine in

estimation mechanism of d . A detail elaboration of the effect

of these changes into the identillcation procedule, and a

thorough stabi l i ty analysis of this algol i thm is given in [0].

C Reducetl Order lv(odel and Prefilter Design

As i t  is descl ibed in t l ie plevious subsections, in ordel to

design ARC control lers tbr each acluator of the FIDD. a
t'educed second-oldel model tbl each actuatot' is needed. As it

is i l lustrated in f igures 3, and 4, the reduced order models ale

assigned as the tbllorving tlanst'el firnctions.

^  8 . l l 9 x l 0 7
G,o,,,,.,"ru.n, = 

; . 46ft 
" 

S53r% 
1tm / I/olt

^  1 . 3 ' t 3 x l 0 -
G rzL ,nrn,,t = 

"' 
+ ,l 000";tf 5 " 

I 0.. 
lm I Volr

One of main features neglected in these I'educed models is the
ef}'ect of non-min phase zeros ol'the models, which ale given
in Tables I and ll. 

' fhe 
destabil ising eftect of neglecting those

zeros can be cornpensated by designing appropriate preiiltels
in addition to the usual ARC structule of the contloller-s fbt'

?

Fig 6 ARC Block diagrarr

exponential ly. This is because G o$)=e(s)/p(s) 
=1/(s+kr) is

a stable transfer lunction. Hence, the rest of design is to make
p as small  as possible. Where pr =L-iz"u,-xz,-Sign(x"),\

and iz"q = t,t - kP .

The control law consists of two parts:

u = L l a + u ! t," = -tP' 0
(  10)

Its = ttst + uil ilrt = -kzp

Where uo is the adjustable model compensation needed for

achieving perfect tlacking. and a" is a robust contlol law

consist of two parts: zr.r1 is used to stabilize the nominal

system r,vhich is a proportional feedback in this case, and u,2

is a robust i'eedback term to attenllate the eflect of moclel

unceltaint ies. which wil l  be synthesize later ' .  Substi tut ing (10)

in to (9), and simpli fying one can obtain:

Jb=t t , -e ' 'o+ i ( r  l )
Noting Assumption I and Pl of (8), thete exist a zr"t such that

the following two conditions are satisfied:

i)ptu,,- rp' '6 + i1 < e i i) pu", <0 (r2)
whele. e is a design parameter which can be chosen
arbitlali ly small. From condition (i) ,., is synthesized to
dominate the model uncertainties coming from both
parametric uncertainties I and uncertain nonlinearities d ,
and condition (ii) guarantees [hat u,, is dissipative in natule
so that it does not intert-ere with the functionality of the
adaptive control parl uo. If the adaptation function in (6) is
chosen as r=tp p then the ARC contlol law in (10), whose
genelal block diagram is depicted in Fig. 6. guarantees all
signals to be bounded [10]. In addition, if alter f lnite time /0.
there exist only parametric uncertainties i.e., ( i =g,Vt>q,),
then zero l inal tracking error is achieved, i.e. e-+0 and
p - + 0  a s  / + " o .

B. Improved Desired Compensation ARC

In the ARC design presented, the regressor p in the model

conrpensat ion uo(Eq.10)  and adaptat ion funct ion r=fp

depends on the actual measurement of the velocity ,x2. Thus

the ettect of measurement noise is severe. Moreover, in spite
of condition i i of (12), there sti l l  exist certain interaction
between the model compensation uo and the robust contl'ol

,ltl;u3:itrl.
!r10del Cnffipe$i;titrri

(  l 6 )

(  17 )
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each actuator as depicted in Fig. 8. The prefilters are designed
by calefully examination of the location of the unstable zelos
of the models, and also the uncertainty profile of the system
(Figures 4 and 5). As a direct implication of small-gain
theorem for the lobust stability of uncertain systems. it is rvell
undelstood that at the frequencies where the, uncertainty
protite of the system is beyond zero dB, the designed
controller must reduces l l l 'VTll",<1, in which lZ(s) is the
uncertainty weighting function and T(s) is the closed loop
tlansfer function.
To accornplish that for the VCM plefilter design, consider the
following fourth older stable transfer function with lelative
degree two, wl.rose poles are located close to the high
frequency stable and the mirror of unstable zetos of the plant
with respect to the imaginary axis, and its zel'os are close to
the high trequency poles of the system:

D  _ Y s + (0 07 t 6.7j) x l0{
' c ^ t  " l  

1 s + 5  5 6 x l 0 r ) 1 s + 2  6 x l 0 { ) ( s  |  ( 2  4 x 7 4 ; x l 0 a . 1
l .? q\

Kr is chosen such that the DC gain of the transf-er function
equals to one. Similarly tbr the PZT actuator a sixth older'
stable transl-er firnction with lelative degree of two is
designed. The prefilter zeros compensate tbr the high
fiequency poles of the system, and its poles compensate fbr
high tiequency stable and unstable zeros of the system.
Moreover, a pair of complex poles with a--1.5e1 racl/sec,
(:0 707 is added to the pretilter to act as the dominant poles
lbr the system in controllel design. K2 is chosen such that the
DC gain of the tlansf-er tunction equals to one.

t . r  + ( 0 . 0 3 1 6 . 7 / ) x  t 0 o  X s + ( l  4  t 8  4 , r t x  l 0 ' )/ i ,. = d, (i0)

The bode plots of VCM, and PZT actuators, with and without
prefilter compensation is given in ligures 9, and 10,
respectively. As it is shown in this figure, the plefilters
attenuates the system gains at high fiequencies, where the
uncertainty protiles are higher than 0 dB, while adding
negative phase to the systems to compensate fbr destabilizing
eft'ect of unstable zelos of the systems.

IV. SIMULATION RESULTS

A. Performance Indices

Simulations studies have been pertbrmed for ARC, and
IDCARC to verify the eff-ectiveness of the proposed controller
in terms of tracking en'ors, and disturbance rejection in

1 f ,  i !

F.equEncy (radlsec)

Fig 9 The bode plot of the VCM l2'r' order model witlr and without prefilter
compensatlon

,  _  
B o d 6  D a q r a m

F r e q s 6 n c y  ( r a d l s 6 c )

Fig l0 The bode plot of the PZT l0'r' order rnodel with and without pretilter
compensalron

presence of modelling unceltainty. In ordel to compare

simulation results the tbllowing per' lbrmance indices are used.
f  ; t  . ,  1 t t )I l )  r , t " l = l  t / r , . 1 ' l e l ' d t l  i s  an  ave rage  t rack ing
L  r  l j  ' r  l

pelfbrmance index. ibr the entire error cul've e(l), and Tl
represents the total simLrlation time.

12) e r' = rnax , {le(t)l l  , is the maxirnum absolute value of the

tracking error', and is a measure of tlansient pelfbrmance.

13) er. = maxr.,_,r,rr.,t lelrl l ; , is the maximum absolute value

of the tlacking error during the last one mill isecond.

t4)  t . , r , , t= . fV.  l "  l^ ,  - .  is  the mean of  the contro l  input .
\ / t t J "  

'

15) c,, = Lrfau]l Lrltr), is the control input chattering, whele

L2[Aul = is the nolmalized control

val iat ions.

B Controller Slructures

The fbl lowing contlol strLrctures are used in simulat ions:
'  ARC: The ARC law ploposed in section 3 is appl ied on

both actuatols . With u,:-k"p, k,> k,+h2/1t and k,: t 0, the PD
switching control gains ale chosen as given below in order to
obtain closed loop bandwidth of lkHz, and 70kHz tbr VCM,
and PZT actuator, respectively
C, ' , : rc , t ,  =  48  52s+4 909x  l0 r ,  Cr ,> t ' z r  = '14 '76s+ l  t35x  t0 j

\;' 'r 
',

\,.r aI

/1yll,t iot'l - ,L(( 7 - l)zl7')12

Fig 8 The VCM and PZT final controller strategy
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Set 2 The performance of the closed loop system to the Set I

ref-erence trajectory, is simulated in this set in the presence of

worst case uncertainty at both actuator models llAll-:1' This

set is considefed to verifv the robust perlbrmance of the

proposed contt'oller.

D Controllers Perfu'mance

Figules I t  and 12 i l lust late the closed loop pertblmance of the

ARC and the ploposed control ler ' .  respectively. In these

simulations the disturbance leject ion objective, ivhich is

designed in Set I ,  is simulated fbr the ful l  ordel nominal

model of VCM and PZT servo actuatol's in order to have

detail comparison of the controllel perfbrmances cliflelent

quantities are plotted in these figures. The total tracking

peltbrmance of the tip head fbr 2600 one micron tlacks are

plotted fl'st velsus the desired tlajectoty.

The tracking elrors are divided into two next plots in these

tigules. in which in the t lrst plot the total seeking pelfblmance

fbl the t l 'st 8 mil l isecond seeking t irne is given' while the

accuracy of the tip positioning in tlacking pertbrmance is

given in the next plot. To evaluate the signiticance of the PZT

actuatol in order to reduce the tlacking perfblmance of the

total head tip position. the VCM tlacking pelfolmance is

given separatety in the next plot. and tinally, the actuator

etlbrts of the VCM and PZT actutrtols are given in thc last trvo

plots 
'lo 

lirrther cornpare the contloller pelfblmances

:
c

rie rr rn. ",or.i,ooo r"-"*'#tffi:^*. **-,*r tn pr.rJ,l"" or
disturbance

The adaptation rates are set as f:diag[10 100 le5 100], and
the initial parameters are chosen as follows:
o,o* ,  = lo o l23l  5 6695 1 05l5x lor  l ]

lnr=ll.++s|xtoj I 5636*10' I 6753x10' t]

. IDCARC: The proposed IDCARC law is applied on the
system. All coefficients are the same as ARC coefficient and
the integrator gain in the adaptive part is set to k1:1000.

C Simttlation Input Signals

In older to verity the efl-ectiveness of the proposed controller
in obtaining the stringent tracking peltbrmance requirement
the following two sets of experiments considered tbr the
system.
Se/ 1. To test tracking perlbrmance of the controllers in
presence of disturbances acting on the system, a 2600 track
seeking trajectory is consideled in this set. The tef-erence
trajectory is designed based on SMART algorithm described
in [0], and is i l lustrated in Fig. 11. Moreover, the lbllowing
pulse disturbance inputs lbl VCM andPZT are applied, at 0.01
sec, and 0.02 sec, respectively.

d,,.,,, = 3 (u(t - o 0 I ) - r(r - 0 0 | 3)), d F, = 2 (u( - 0.020)- z(r - 0 023))

The saturation amplitude of the PZT actuator is considered as
+25 volts.
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TABLE I I I
PERFoRNTANcE INDEx FoR DESIRED'l'RAJECTORy

Experimenls Set I Set 2

Perfonnance

lndex

ARC

VCM PZT

IDCARC

VCM PZT

ARC '

PZT

IDCARC

VCM PZTVCM

err x l0-5

€r x l0-7

L,lelx10-"

Lrfulxl02

LrfLulxl}-'z

c ,  x  l 0 - o

6 4

4.5

9 2
't4 2

9 8

6 9 r

6 t

0.06

8 0

7 0

0  3 l

4 8

3 .1

7 2

t 4 2

6 5

0 4 6

,1 a

0.04

6 l

6 0

0 3 2

5 4

9 6

r27.5

2 8 3

7 3 7

0  r 0
0  t 3

8 4

121.5

2 4 8

r 3 6

897

0 6 6

7 5

6.9

t 7 3

130 2

6 1 8

0 047

6 3

0.01

15 , l

1 6 6

8 4

0  5 l

quantitatively, the performance indices descdbed in the
preceding section is given in Table III. The f-inal en'or
performance index is highlighted in this table, which indicates
the flnal tracking error achievable by the controller. and the
individual contribution of VCM and PZT actuator to this
perfol'mance.
It  is obselved that the proposed method is contr ibuting into a
better tracking pertbrmance in both seeking and tl'acking
regimes, and the effect of disturbance is rejected significantly
reaching to a flnal tracking error 4e-3 microns in the IDCARC
method. flowever, the ditlerence between the closed-loop
pelformance of ARC and IDCARC ale minimal in these
simulations. The significant implovement of introducing
dynamic adaptation in the proposed method is levealed in the
simulat ion of Set 2, in which the worst case modell ing
uncertainty is also integrated into simulat ions. Figures 13 and

14 compares the closed loop pertbrmance of ARC and
IDCARC methods in plesence of modelling uncertainty, and
the quantitative evaluation of the pertbrmance indices are
given in Table II I .  As i t  is seen in these f igules, the ARC
contloller is unable to leduce the tlnal tracking pertil'mance

below one micron. arrd as i t  is seen in the actuator etTolt of
PZT le mains in satulat ion fbr al l  the sirnLrlat ion t ime .

However. the IDCAI{C contlol ler preserves the total tracking

error below one miclor.r, ar.rd as it is specified in Table III, the
tinal tracking error 1br-t l .r is case is incleased to le-2 microns,

which is completely satisfying. while the control et-torts of

both actuators remain also within their limits. These

extraoldinary results are reproduced tbr disturbance rejection

objective with r'vorst case unceltainty. and are verv pfomising

tbl physical implcmcntation.
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Fig l3 The closed loop performance ofthe ARC controller in presence of
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V. CONCLUSIONS

In this paper, an adaptive robust controller is implemented on
dual-stage hard disk drives. An adaptive robust controller
(ARC) is designed llrst tbr each actuator, which theoretically
gualantees a prescribed transient perfolmance and ,'vell

behaved tracking in presence of uncertainties. An IDCARC
scheme is then proposed, in which a dynamic adaptation law is
included into the ARC method. A robust simulation study of
these method are presented in this paper, in which the
controllers designed based on simple models for the
subsystem are implemented on an experimentally verifiecl
high order models for the system. Simulation result veritles
the elfectiveness of the IDCARC method in preserving the
stringent tracking perfbrmance lequirement of the hard disk
drives in presence of worst case unstructured uncertainty of
the models. This analysis provides the required assurance of
its successful experimental implementation in futule.
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