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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
actuator.Copyright c

�
2002 IFAC
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1. INTRODUCTION

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
this kind of problems is to introduce an additional
microactuator on top of the conventional VCM actu-
ator to provide a faster and finer response. Dual-stage
actuator refers to the fact that there is a small actuator
mounted on a large conventional VCM actuator. This
small actuator or microactuator will be used only to
follow a small data track. Figure 1 shows a simple
illustration of a dual-stage actuator HDD servo system
used in this paper. The piezoelectric microactuator
produces relative motion of the read/write (R/W) head
along the radial direction (Evanset al., 1999; Guoet
al., 1999) and only the displacement of the R/W head
is available as a measurement output.
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Fig. 1. A dual-stage actuator HDD servo system

Diverse control methods have been reported to design
the dual-stage actuator HDD servo system (Guoet
al., 1999; Hu et al., 1999). But, much studies on
the control methods need to be conducted to achieve
better results in HDD servo systems. This paper is
focused to design a dual-stage actuator control law
using the composite nonlinear feedback (CNF) control
technique for HDD servo systems. The CNF control
technique proposed by Linet al. (1998) for a class of
second order systems with state feedback, has recently
been extended by Chenet al. (2002) to general linear
systems with measurement feedback. In the designed
dual-stage actuator HDD servo system, the VCM will
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
tracking error of the VCM. The two parts will then be
combined to yield a dual-stage actuator control law.
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This paperis organizedasfollows. In Section2, the
model of the dual-stageactuatorHDD servo system
will be identified.The modified reducedorder mea-
surementfeedbackCNF(roCNF)will bepresentedin
Sections3. The dual-stageactuatorcontrol law will
be designedfor the HDD servo systemin Section4.
The implementationresultswill be shown in Section
5, wheretheclosed-loopsystemin thedual-stageac-
tuatorwill becomparedwith that in thesingleVCM.
Finally, conclusionsaredrawn in Section6.

2. MODELING OF THE DUAL-STAGE
ACTUATORHDD SERVO SYSTEM

Themodelsof theVCM actuatorandthemicroactua-
tor areidentifiedthroughfrequency responsecharac-
teristicsobtainedthroughexperimentsto composethe
modelof the dual-stageactuatorHDD servo system.
The typical frequency responsecharacteristicsof the
VCM andthemicroactuatorarerespectively shown in
Figures2 and 3. Using the measureddatafrom the
actualsystemsandthealgorithmsof Eykhoff (1981),
afourthordermodelis obtainedfor theVCM actuator,

Gv 
 s��� 6 � 4013 � 107

s2

ω2
n

s2 � 2ζωns � ω2
n � (1)

whereζ � 0 � 085, ωn � 1 � 1309 � 104 rad/secand a
fourth ordermodelfor themicroactuator,

Gm 
 s��� b0s2 � b1s � b2

s4 � a3s3 � a2s2 � a1s � a0
� (2)

where b0 � 1 � 593 � 109, b1 � 1 � 708 � 1012, b2 �
2 � 512 � 1018, a3 � 4256, a2 � 3 � 506 � 109, a1 �
7 � 496 � 1012 anda0 � 2 � 512 � 1018. The only mea-
suredoutput,y

y � yv
� ym � (3)

whereyv andym areoutputsof VCM andmicroactua-
tor respectively. Theunitsarein volts andµm respec-
tively for the input andoutput in the models.These
modelscomposethemodelof thedual-stageactuator
HDD servo system,whichwill beusedthroughoutthe
restof thepaper.

Theobjectiveis to designadual-stageactuatorcontrol
law for theHDD servosystemthatmeetsthefollowing
constraintandspecifications:

(1) The input signalto the VCM shouldnot exceed�
3 Volts, andthe input signalto themicroactu-

ator shouldbe within
�

2 Volts due to physical
constrainton thetwo actuators.

(2) Themaximaldisplacementof themicroactuator
is about1µm. It shouldsettledown to zero in
steadystateso that it canbeusedfurther for the
next move.
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Fig. 2. Frequency responseof theVCM actuator
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Fig. 3. Frequency responseof themicroactuator

(3) The overshootand undershootof the step re-
sponseshouldbekept lessthan5% of onetrack
pitch,i.e.0 � 05µm,sothattheR/W headcanwrite
dataon to thedisk reliably.

3. MODIFIED ROCNF

A modified roCNF will be proposedto design the
dual-stageactuatorcontrol law for HDD servo sys-
tems,which remainsthe meritsof the roCNF (Chen
et al., 2002),while takes the additionalinput to ob-
tainbetterperformance.Consideralinearsystemwith
constrainedactuators,which briefly outlinesthedual-
stageactuatorHDD servo system,characterizedby�� � ẋ � Ax � Bsat
 u1 � � x 
 0��� x0

y � C1x � D1sat
 u2 � �h � C2x � D2sat
 u2 ��� (4)

wherex � IRn, ui 
 i � 1 � 2��� IR, y � IRp andh � IR are
respectively thestate,control inputs,measuredoutput
andcontrolledoutputof thesystem(4).A, BC1,C2, D1

andD2 areappropriatedimensionalconstantmatrices,
and sat: IR � IR representsthe actuatorsaturation
definedas

sat
 u1 ��� sgn
 u1 � min � u1max��� u1 �! "�
sat
 u2 �#� sgn
 u2 � min � u2max�$� u2 �! � (5)

with u1max� u2max being the saturationlevels of the
inputs.Thefollowing assumptionson thesystemma-
tricesarerequired:



(1) 
 A � B� is stabilizable,
(2) 
 A � C1 � is detectable,
(3) D1 andD2 arenot zero,and
(4) 
 A � B � C2 � is invertibleandhasno invariantzeros

at s � 0.

For the given system(4), it is clear that thereare p
statesof the systemmeasurable,if C1 is of maximal
rank. Generally, it is not necessaryto estimatethese
measurablestatesin measurementfeedback.A dy-
namiccontrol law canbe designedwith a dynamical
orderlessthanthat of the givenplant.For simplicity
of presentation,it is assumedthat C1 is alreadyin
the form, C1 �&% Ip 0 ' . Then,the system(4) canbe
rewrittenas,�((((((� ((((((�

)
ẋ1

ẋ2 * � + A11 A12

A21 A22, ) x1

x2 * � + B1

B2 , sat
 u1 � �
y �-% Ip 0 ' ) x1

x2 * � D1sat
 u2 � �
h � C2

)
x1

x2 * � D2sat
 u2 �.� (6)

x0 � 
 x10 x20 �0/ � wherethe original x is partitioned
into two parts,x1 andx2 with ŷ1 � y 1 D1sat
 u2 �32 x1.
Thus,x1 canbe obtaineddirectly from ŷ1 andit will
needto estimatex2 only. Next, let F be chosensuch
that1) A � BF is asymptoticallystable,and2)C2 
 sI 1
A 1 BF �$4 1B has desiredproperties,and let KR be
chosensuchthatA22

� KRA12 is asymptoticallystable.
A stabilizing KR exists as 
 A22 � A12 � is detectableif
andonly if 
 A � C1 � is detectable(Chen,1991).Then
F is partitionedin conformity with x1 and x2, F �% F1 F2 ' . The modified roCNF control law is given
by �� � ż � AR z� Bzyŷ1

� Bzysat
 u1 � �u1 � F 
 xr 1 xe� � H r � ρ 
 r � ĥ1 � B/P 
 xr 1 xe� �u2 � km µm 
 r 1 ĥ1 ��� (7)

whereAR � A22
� KRA12; Bzy � A21

� KRA11 1 ARKR;
Bzu � B2

� KRB1; xr � 
 ŷ1 z 1 KR ŷ1 � / ; xe �51 
 A �
BF �64 1BG r; G �718%C2 
 A � BF �64 1B'94 1; H �:% 1 1
F 
 A � BF �64 1B' G; r is the step command input;
ρ 
 r � ĥ1 � is non-positive scalarfunction locally Lips-
chitz in ĥ1 � C2 xr subjectto certainconstraintto be
discussedlater;P ; 0 is thesolutionto theLyapunov
equation, 
 A � BF � / P � P 
 A � BF ���<1 WP � (8)

WhereWP � IRn = n ; 0. km is a gainto bedetermined;
µm is a switchdefinedasfollows.

µm �?> 0 � r 1 ĥ1 � ; emax

1 � r 1 ĥ1 �A@ emax � (9)

where emax @B� D2 � u2max. let P be partitioned in
conformitywith x1 andx2, P �C% P1 P2 ' andQR ; 0
bethesolutionto anotherLyapunov equation,

A/RQR
� QRAR �<1 WR � (10)

whereWR � IR D n 4 pE0= D n 4 pE ; 0 with minimal eigen-
value greaterthan maximum of 
 aρ2 � bρ � c� for
ρ �F%G1 ρ H � 0' , whereρ HI; 0 is ascalar;b is theminimal
eigenvalueof 
 P2BB/ PW 4 1

P PBF2
� F /2B/ PW 4 1

P PBB/ P2 � ;
aandcarethemaximaleigenvaluesof P2BB/ PW 4 1

P PBB/ P2

and F /2B/ PW 4 1
P PBF2 respectively. Note that such P

and QR exist as A � BF and AR are asymptotically
stable.For any δ � 
 0 � 1� , let cδ bethelargestpositive
scalarsuchthatfor all)

x
z* � XRδ: �F> ) x

z* :

)
x
z* / + P 0

0 QR , ) x
z* @ cδ JKMLLLL % F F2 ' ) x

z * LLLL @ u1max 
 1 1 δ ��� (11)

Theorem3.1. Considerthesystem(4).Then,thereex-
istsascalarρ

� ; 0 suchthatfor any non-positivefunc-
tion ρ 
 r � ĥ1 � , locally Lipschitzin ĥ1 and � ρ 
 r � ĥ1 � �.@ ρ

�
,

the modified roCNF control law (7) will drive the
controlledoutput h to asymptoticallytrack the step
commandinput of amplituder from aninitial statex0

andmake theclosed-loopsystemin dual inputsu1 � u2

have fastersettling time than that in single input u1

providedthatx0, z0, r. km andemax satisfy)
x0 1 xe

z0 1 x201 KRx10* � XRδ ���Hr �N@ δu1max�
emax @O�D2 � u2max� 0 P D2km P 1 � (12)

Theproof is skippeddueto thespacelimits.

Remark3.1. Theorem(3.1)shows that the input u2

will settle down to zero in the steadystateand the
closed-loopsystemin dual inputs u1 � u2 has faster
settlingtime thanthatin singleinputu1 (i.e.km � 0).

4. DESIGNOF DUAL-STAGEACTUATORHDD
SERVO SYSTEM

Theonly availablemeasurementin thedual-stageac-
tuator HDD servo systemis the displacementof the
R/W head,the combinationof outputsof the VCM
andthemicroactuator. It hasto controlbothactuators
usingonemeasurement,which makesdifficult to de-
signthedual-stageactuatorcontrollaw. However, It is
possibleto designanappropriatefilter makethemodel
of themicroactuatorto beapproximatedasa constant
basedon its characteristics.As such, the dual-stage
actuatorHDD servo systemcanbe modeledlike (4).
The proposedcontrol strategy is shown in Figure 4,
whereMA is the microactuator;FTR is the filter; ks

is the static gain of the microactuator;km is a feed-
back gain; y is the only measurableoutput; r is the
stepcommandinput; yv andym aretheoutputsof the
VCM and microactuatorrespectively; ŷv and ŷm are
the estimatedoutputsof the VCM andmicroactuator
respectively; uv and um are the input signalsto the
VCM andmicroactuatorrespectively; SW is a switch
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actuatorcontrol

definedas(9). Specifically, theoutputof themicroac-
tuatoris estimateddirectly from its input um andthen
the output of the VCM is obtainedfrom y 1 ŷm. ŷv

is asa virtual measurementto the roCNF controller.
The VCM is a major actuatorto be effective in both
track seekingandtrack following stagesandthe mi-
croactuatoris a secondaryactuatorto help the VCM
duringtrackfollowing stage.Theprocedureto design
thedual-stageactuatorcontrollaw is asfollows.

(1) DesigntheroCNFcontrollaw for theVCM pro-
vided that ŷv is a virtual output.The procedure
canbefoundin (Chenet al., 2002).

(2) Determineemax for theswitchsuchthat

emax @W� ks � ummax � (13)

whereummax is themaximumof theinput signal
to microactuator.

(3) Designanappropriatestablefilter with unit static
gain,Gf 
 s� to havethemodelof themicroactua-
tor to beapproximatedas

Gm 
 s� Gf 
 s�#X ks � (14)

Generally, Gf 
 s� musthave a larger bandwidth
thanthatof theclosed-loopsystemin thesingle
VCM.

(4) Choosethegainkm suchthat

0 P σ f max km ks P 1 (15)

to make the closed-loopsystemin dual-stage
actuatorwith desiredperformance,whereσ f max

is themaximumof �Gf 
 jω � � for ω �O% 0 � ∞ � . The
conditionmeans� um �Y@ ummax �

During the design,the model of the dual-stageac-
tuator HDD servo systemcould be approximatedas
follows provided that an appropriatefilter hasbeen
made.�(((� (((� ẋv � + 0 1

0 0, xv
� + 0

6 � 4013 � 107, sat
 uv � �
yv �-% 1 0 ' xv �ym � 0 � 722uf �y � yv

� ym � (16)

wherexv is thestatesof theVCM; uf is theinput sig-
nalto thefilter Gf 
 s� ; sat
 uv �Z� sgn
 uv � min � uvmax��� uv �! with uvmax � 3. Thedual-stageactuatorcontrollaw is
givenby

Table1. Parametersin thecontrollaw

r [ µm) α ε km

1 1 1 0.3462
10 1.55 1.7949 0.3462
20 1.55 2.1875 0.2778�(((((((� (((((((�

ż � KR z1 K2
R ŷv

� 6 � 4013� 107sat
 uv � �uv � κ2z � 
 κ1 1 KRκ2 � ŷv 1 κ1r� ρ % κ3z1 
KRκ3
� κ1 � ŷv

� κ1r ' �um � Gf uf �uf � kmµm 
 r 1 ŷv � �ŷv � y 1 ŷm �ŷm � 0 � 722sat
 um�.�
(17)

wheresat
 um�Z� sgn
 um � min � ummax�$� um �\ with ummax �
2; KR �<1 4000;µm is definedas(9);

ρ �<1 1 � 5820α 
 e4�]1 4 ŷv ^ r ] 1 0 � 3679� ; (18)

emax � 1 � 2µm; κ1 �_1 0 � 0755ε 4 2; κ2 �71 2 � 0613 �
104 5ε 4 1; κ3 � 5 � 7257 � 104 5ε 4 1. α � ε and km are
listedin Table1; Gf 
 s� is chosenas

Gf 
 s��� 
 3000π � 2
s2 � 4500πs � 
 3000π � 2; (19)

Whenkm � 0, thedual-stageactuatorcontrollaw (17)
becomesthesingleactuatorcontrollaw. It is notedthat
ŷm � ks sat
 um � andnot ŷm � ks uf astheinput signal
to themicroactuatorwill befilteredby thefilter Gf .

5. IMPLEMENTATION RESULTS

The implementationsof the above control algorithm
werecarriedout to verify thedesignin asamplingrate
of 10kHz.Bothtrackfollowing testandpositionerror
signal(PES)testarepresented.PESis consideredto
be a major factor in designof hard disk drive servo
systems.The implementationsweredoneon an open
hard disk with a TMS320 digital signal processor
(DSP).TheR/W headpositionwasmeasuredusinga
LaserDopplerVibrometer(LDV) andthe track pitch
wasassumedas1µm.

A. TrackFollowing Test

The implementationresults for 1 and 10 µm seek
lengthsfor the closed-loopsystemin the single and
dual-stageactuatorare shown in Figures 5 and 6.
The Table 2 summariesthe settling times from the
implementations,which shows that the settling time
canbe reducedup to 27% in the dual-stageactuator
than in the single actuator. The settling time means
the time to settlethe error within 0 � 05µm aroundthe
targettrack.

B. PositionErrorSignalTest

The repeatablerunout (RRO) disturbanceis consid-
ered only to show the performanceof the modi-
fied roCNF control law against disturbancesas it
is a major source of track following errors. The
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Fig.5.Experimentalresultsfor 1 µmseeklengthusing
singleanddual-stageactuator
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Fig. 6. Experimentalresultsfor 10 µm seeklength
usingsingleanddual-stageactuator

Table 2. Settlingtime from experimen
-tal results

Seek SettlingTime Overall
Length (ms) Improve
(µm) Single Dual -ment(%)

1 1.17 0.85 27
10 3.26 2.81 14
20 4.12 3.87 6

modelof the RRO is w 
 t �`�&% 0 � 5 � 0 � 1 cos
 110πt � �
0 � 05 sin
 220πt �a' µm� , which is factitiouslyaddedinto
the measuredoutput.The histogramsof the PESare
shown in Figure 7 in both single and dual-stageac-
tuatorcontrol,wherethecorresponding3σ valuesare
0.0249µm and0.0219µm respectively, which show
theRRO wassuppressedmoreeffectively 12%in the
dual-stageactuatorthanin thesingleactuatoralthough
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both are within the requiredmargin. 3σ value is the
measureof trackmis-registration(TMR) in disk drive
industries.

6. CONCLUSION

Thedual-stageactuatorcontrollaw hasbeendesigned
for the HDD servo system,wherethe VCM is a pri-
maryactuatorto operatein bothtackseekingandfol-
lowing stagesandpiezois asecondaryactuatorto help
the VCM in track following stage.The implementa-
tions show the dual-stageactuatorcontrol decreases
thesettlingtime by 27%comparedto thesingleactu-
atorcontrol.Thedual-stageactuatoris a goodideato
improveHDD servo systemperformance.
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