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Abstract: Dual-stage actuator design for hard disk drives via composite nonlinear feedback
control is presented, which consists of a primary actuator, the voice coil motor and a
secondary actuator, the suspension piezoelectric microactuator. The first is effective in both
track seeking and following stages to produce fast rising time and low overshoot and the latter
works in track following stage only to help the primary actuator. The implementations show
that the dual-stage actuator does yield better performance compared to the single primary
actuatorCopyright(©2002 IFAC
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The prevalent trend in hard disk drives (HDD) is to-
wards smaller hard disks with increasingly larger ca-
pacities. One of the limitations in the conventional
hard disk drives to achieve higher data capacity is
its bandwidth. That is, the voice coil motor (VCM)
as an actuator has a lot of flexible resonance in high
frequencies over 2 kHz. (Workman, 1987), which lim-
its the increase of bandwidth. A possible solution to Diverse control methods have been reported to design
this kind of problems is to introduce an additional the dual-stage actuator HDD servo system (Gio
microactuator on top of the conventional VCM actu- al, 1999; Hu et al., 1999). But, much studies on
ator to provide a faster and finer response. Dual-stagethe control methods need to be conducted to achieve
actuator refers to the fact that there is a small actuatorbetter results in HDD servo systems. This paper is
mounted on a large conventional VCM actuator. This focused to design a dual-stage actuator control law
small actuator or microactuator will be used only to using the composite nonlinear feedback (CNF) control
follow a small data track. Figure 1 shows a simple technique for HDD servo systems. The CNF control
illustration of a dual-stage actuator HDD servo system technique proposed by Liet al. (1998) for a class of
used in this paper. The piezoelectric microactuator second order systems with state feedback, has recently
produces relative motion of the read/write (R/W) head been extended by Cheat al. (2002) to general linear
along the radial direction (Evaret al., 1999; Guoet systems with measurement feedback. In the designed
al, 1999) and only the displacement of the R/W head dual-stage actuator HDD servo system, the VCM wiill
is available as a measurement output. be controlled with a control law designed with a
modified CNF method and the microactuator will be
controlled with a filter, whose input signal is the

1 Corresponding author: Ben M. Chen, Tel: (+65)-6874-2289; Fax: tracking error of the VCM. The two parts will then be
(+65)-6779-1103; bmchen@nus.edu.sg combined to yield a dual-stage actuator control law.
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Fig. 1. A dual-stage actuator HDD servo system




This paperis organizedasfollows. In Section2, the
model of the dual-stageactuatorHDD seno system
will be identified. The modified reducedorder mea-
suremenfeedbackCNF (roCNF)will bepresentedn

Sections3. The dual-stageactuatorcontrol law will

be designedor the HDD serno systemin Section4.
The implementatiorresultswill be shovn in Section
5, wherethe closed-loopsystemin the dual-stageac-
tuatorwill be comparedwith thatin the singleVCM.

Finally, conclusionsaredrawvn in Section6.

2. MODELING OF THE DUAL-STAGE
ACTUATORHDD SER/O SYSTEM

Themodelsof the VCM actuatorandthe microactua-
tor areidentifiedthroughfrequeng responsecharac-
teristicsobtainedthroughexperimentdo composédhe
model of the dual-stageactuatorHDD seno system.
The typical frequeny responsecharacteristic®f the
VCM andthe microactuatoarerespectrely shavnin

Figures2 and 3. Using the measurediatafrom the
actualsystemsandthe algorithmsof Eykhoff (1981),
afourthordermodelis obtainedor theVCM actuator
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where { = 0.085, wy, = 1.1309x 10* rad/secand a
fourth ordermodelfor the microactuatar
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where by = 1.593x 10°, b; = 1.708x 102, b, =
2.512x 108, ag = 4256, ap = 3.506x 10°, a; =
7.496x 10* andag = 2.512x 10, The only mea-
suredoutput,y

Y =W+ Ym (3

wherey, andyy, areoutputsof VCM andmicroactua-
tor respectiely. The unitsarein volts andum respec-
tively for the input and outputin the models.These
modelscomposehe modelof the dual-stageactuator
HDD seno systemwhichwill beusedthroughouthe
restof thepaper

Theobjectieis to designadual-stagectuatorcontrol
law for theHDD senwo systenthatmeetgshefollowing
constraintandspecifications:

(1) Theinputsignalto the VCM shouldnot exceed
+3 Volts, andthe input signalto the microactu-
ator shouldbe within +2 Volts dueto physical
constrainon thetwo actuators.

(2) The maximaldisplacemenbf the microactuator
is about1um. It should settle down to zeroin
steadystatesothatit canbe usedfurtherfor the
next move.
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Fig. 2. Frequeng responsef the VCM actuator
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Fig. 3. Frequeng respons®f the microactuator

(3) The overshootand undershootof the step re-
sponseshouldbe keptlessthan5% of onetrack
pitch,i.e.0.05um, sothattheR/W headcanwrite
dataonto thediskreliably.

3. MODIFIED ROCNF

A modified roCNF will be proposedto designthe
dual-stageactuatorcontrol law for HDD seno sys-
tems,which remainsthe merits of the roCNF (Chen
et al., 2002), while takesthe additionalinput to ob-
tain betterperformanceConsidemalinearsystemwith
constrainedctuatorsyhich briefly outlinesthe dual-
stageactuatoHDD seno systemgcharacterizedyy

x = Ax+Bsafui), x(0)=xg
y = Cix+Djsafup), (4)
h = Cyx+ Dzsafuy).

wherex € IR", uj(i = 1,2) € IR,y € IRP andh € IR are
respectiely the state controlinputs,measureautput
andcontrolledoutputof thesystem(4). A, BCy, Cp, D1
andD; areappropriatalimensionatonstantmatrices,
and sat: IR — IR representghe actuatorsaturation
definedas

safuy) = sgn(ug) min{uzmax |u1| },
sa(uz) = sgrn(uz) Min{Uzmax, |Uz| }- (5)
with U1max, Uzmax being the saturationlevels of the

inputs. The following assumption®n the systemma-
tricesarerequired:



(1) (A,B) is stabilizable,

(2) (A,Cy) is detectable,

(3) D1 andD3 arenotzero,and

(4) (A,B,Cy) isinvertibleandhasnoinvariantzeros
ats=0.

For the given system(4), it is clearthat thereare p

statesof the systemmeasurableif C; is of maximal
rank. Generally it is not necessaryo estimatethese
measurablestatesin measurementeedback.A dy-

namiccontrol law canbe designedwith a dynamical
orderlessthanthat of the given plant. For simplicity
of presentationjt is assumedhat C; is alreadyin

theform, C, = [I, 0]. Then,the system(4) canbe
rewritten as,

X1 A1 A| (X1 B
) = safu

v o= ol(F)+0satia. ®

h C (2) +Dssafuy).

Xo = (X10 X20)', Wherethe original x is partitioned
into two parts,x; andx; with §; =y —Disa(up) = x1.
Thus,x; canbe obtaineddirectly from y; andit will

needto estimatex, only. Next, let F be chosensuch
that1) A+ BF is asymptoticallystableand2) Cy(sl —

A — BF)~1B has desired properties,and let Kr be
chosersuchthatAz, + Kr A2 is asymptoticallystable.
A stabilizing Ky exists as (Az2,A12) is detectabldf

andonly if (A,Cy) is detectablgChen,1991). Then
F is partitionedin conformity with x; andxg, F =
[F1 F2]. The modified roCNF control law is given

by

2 = ARZ+Bzyyl+Bzysa(u1),
U = F¢—xg+Hr+p(r,h)BPX —Xg), (7)
Uz = KmHm (r—hy).

whereAg = Az + KrA12; Bzy = Az1 + KrAr1r — ArKg;
Bau=B2+KrBr X = (J1 Z2—Ke¥1)'s Xe = —(A+
BF)™BGr; G = —[Co(A+BF)™1B]"};, H = [1-
F(A+BF)™!B|G; r is the step command input;
p(r, ﬁl) is non-positve scalarfunction locally Lips-
chitzin ﬁl = C, X subjectto certainconstraintto be
discussedater; P > 0 is the solutionto the Lyapunw
equation,

(A+BF)P+P(A+BF) = -W.  (8)

WhereWs € IR™" > 0. ky, is againto be determined;
Mm is aswitchdefinedasfollows.

0 |r—ﬁ1|>emax
= ~ 9
Hm {1 [r—ha| < emax’ ©)

where emax <| D2 | Uzmax. let P be partitioned in
conformitywith x; andxz, P=[P1 P,] andQr >0
bethesolutionto anotheyapunw equation,

ARQr + QrAR = —Wk. (10)

whereWk € IR(P)X("=P) 5 0 with minimal eigen-
value greaterthan maximum of (ap?+ bp + ¢) for

p € [-p*,0], wherep* > Oisascalarb is theminimal
eigervalueof (P,BB'PW; 'PBR,+ F;B'PW; 1PBBP;);
aandc arethemaximaleigervaluesof P.BB'PW; PBB P,
and F5B'PW; 'PBFR, respectiely. Note that such P
and Qr exist as A+ BF and Az are asymptotically
stableForary & € (0,1), let c5 bethelargestpositive
scalarsuchthatfor all
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Theoem3.1. Considethesysten(4). Then,thereex-
istsascalarp* > 0 suchthatfor any non-positiefunc-
tionp(r,hy), locally Lipschitzin hy and|p(r,h1)| < p*,
the modified roCNF control law (7) will drive the
controlled output h to asymptoticallytrack the step
commandnput of amplituder from aninitial statexg
andmake the closed-loopsystemin dualinputsuy, up
have fastersettlingtime thanthatin single input u;
providedthatxg, o, r. kyy andemay satisfy

X0 — Xe
<ZO—X20—KRX]_0> EXR57 |H r | S 6“1max:

emax< |D2| Uzmax, 0<D2km< 1.

(12)

Theproofis skippeddueto the spacdimits.

Remark3.1. Theorem(3.1)shows that the input uy
will settledown to zeroin the steadystateand the
closed-loopsystemin dual inputs uy,uy, has faster
settlingtime thanthatin singleinputuy (i.e. kpn = 0).

4. DESIGNOF DUAL-STAGE ACTUATORHDD
SER/O SYSTEM

Theonly availablemeasuremerit the dual-stageac-
tuator HDD senwo systemis the displacemenbf the
R/W head,the combinationof outputsof the VCM
andthe microactuatarlt hasto controlboth actuators
usingone measurementyhich makesdifficult to de-
signthedual-stagectuatorcontrollaw. However, It is
possibleto designanappropriatdilter makethemodel
of the microactuatoto be approximatedisa constant
basedon its characteristicsAs such,the dual-stage
actuatorHDD seno systemcanbe modeledike (4).
The proposedcontrol stratgy is shovn in Figure 4,
whereMA is the microactuatorFTR is thefilter; ks
is the static gain of the microactuatorky, is a feed-
back gain; y is the only measurableutput;r is the
stepcommandnput; y, andyn, arethe outputsof the
VCM and microactuatorespectiely; ¥, andyn, are
the estimatedbutputsof the VCM andmicroactuator
respectiely; u, and uy, are the input signalsto the
VCM andmicroactuatorespectiely; SW is a switch
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Fig. 4. The schematicrepresentatiorof dual-stage
actuatorcontrol

definedas(9). Specifically the outputof the microac-
tuatoris estimatedirectly from its input u,, andthen
the output of the VCM is obtainedfrom y — Y. %

is asa virtual measuremento the roCNF controller
The VCM is a major actuatorto be effective in both
track seekingandtrack following stagesandthe mi-

croactuatolis a secondaryactuatorto help the VCM

duringtrackfollowing stage.The procedurdo design
thedual-stageactuatorcontrollaw is asfollows.

(1) DesigntheroCNFcontrollaw for the VCM pro-
vided that yy is a virtual output. The procedure
canbefoundin (Chenetal., 2002).

(2) Determinegmay for the switchsuchthat

€max < |ks| Umnmmax- (13)

whereummax is the maximumof theinput signal
to microactuatar

(3) Designanappropriatestablefilter with unit static
gain, G (s) to have themodelof the microactua-
tor to beapproximateds

Gm(9)Gt(s) ~ ks. (14)

Generally Gt (s) musthave a larger bandwidth
thanthatof the closed-loopsystemin the single
VCM.

(4) Choosethegainky, suchthat

to malke the closed-loopsystemin dual-stage
actuatomwith desiredperformancewhereoc max
is the maximumof |Gt (jw)| for w € [0,»). The
conditionmeangum| < Ummax-

During the design,the model of the dual-stageac-
tuator HDD seno systemcould be approximatedas
follows provided that an appropriatefilter hasbeen
made.

Xy = [O 1] x\,+[ 0 ]sa(u)
00 6.4013x 10’ v/
w = [1 0]x, (16)
Ym = 0.722us,
y = Wt+Ym

wherexy is the statesof the VCM; us is theinputsig-
nalto thefilter G¢ (s); sauy) = sgr(uy) Min{Uymax, |Uv| }
with uymax = 3. The dual-stagectuatorcontrollaw is
givenby

Tablel. Parametersn the controllaw

rpem  «a € km
1 1 1 0.3462
10 1.55 1.7949 0.3462
20 155 2.1875 0.2778

(2 = Krz—K29,+6.4013x 10'sa(w,),
Uy = K2z+ (K1 — KgK2)Jy — K1l
+p[K3z— (KrK3+K1)Y+K1r],

< Un = Gyug, a7
ur = km“m(r_yv)a
yV = y_yma
\ Ym = 0.722satun).

wheresaium) = sgnUm) Min{Ummax, |Um| } With Unmax=
2; Kr = —4000;uy, is definedas(9);

p=—1.58200 (e W/ _0.3679; (18)
€max = 1.2um K1 = —0.075%~2; K» = —2.0613x
10791, k3 = 5.7257x 107°¢~1. a,¢ and ky, are
listedin Tablel; G¢(s) is choseras

(3000r)2
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(19)

Whenky, = 0, thedual-stageactuatorcontrollaw (17)
becomeshesingleactuatoicontrollaw. It is notedthat
Ym = ks sa{um) andnot ym = ks us astheinput signal
to the microactuatowill befilteredby thefilter Gs.

5. IMPLEMENTATION RESULTS

The implementationf the above control algorithm
werecarriedoutto verify thedesignin asamplingrate
of 10kHz. Bothtrackfollowing testandpositionerror
signal (PES)testare presentedPESis consideredo
be a major factorin designof hard disk drive seno
systemsTheimplementationsveredoneon an open
hard disk with a TMS320 digital signal processor
(DSP).The R/W headpositionwasmeasuredisinga
LaserDopplerVibrometer(LDV) andthe track pitch
wasassume@slum

A. TrackFollowing Test

The implementationresultsfor 1 and 10 pum seek
lengthsfor the closed-loopsystemin the single and
dual-stageactuatorare shovn in Figures5 and 6.

The Table 2 summariesthe settling times from the

implementationswhich shaws that the settling time

canbe reducedup to 27% in the dual-stageactuator
thanin the single actuator The settling time means
the time to settlethe error within 0.05um aroundthe

targettrack.

B. PositionError Signal Test

The repeatableunout (RRO) disturbances consid-
ered only to shav the performanceof the modi-
fied roCNF control law againstdisturbancesas it
is a major source of track following errors. The
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Fig. 6. Experimentalresultsfor 10 um seeklength
usingsingleanddual-stagectuator

Table 2. Settlingtime from experimen
-tal results

Seek SettlingTime Overall
Length (ms) Improve
(um) Single Dual -ment(%)
1 1.17 0.85 27
10 3.26 2381 14
20 412 3.87 6

modelof the RRO is w(t) = [0.5+ 0.1 cog110mt) +
0.05sin(220rt)]um, which is factitiously addedinto
the measuredutput. The histogramsof the PESare
shawvn in Figure 7 in both single and dual-stageac-
tuatorcontrol,wherethe correspondin@o valuesare
0.0249um and 0.0219um respectrely, which shov
the RRO wassuppressedhoreeffectively 12%in the
dual-stagectuatotthanin thesingleactuatomlthough
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both are within the requiredmargin. 3o valueis the
measuref trackmis-reggistration(TMR) in disk drive
industries.

6. CONCLUSION

Thedual-stageactuatorcontrollaw hasbeendesigned
for the HDD seno systemwherethe VCM is a pri-
mary actuatorto operaten bothtack seekingandfol-
lowing stagesandpiezois asecondaractuatorto help
the VCM in track following stage.The implementa-
tions shaw the dual-stageactuatorcontrol decreases
the settlingtime by 27% comparedo the singleactu-
ator control. The dual-stageactuatoris a goodideato
improve HDD seno systemperformance.
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