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Abstract

This report discusses short seeking control for a dual-actuator hard disk drive
consisting of a coarse actuator (voice coil motor, VCM) and a fine actuator
(piezodectric actuator, PZT). A novel design method is proposed based on the dual-
stage track following control and initial value adjustment (IVA). This method, which
adjuststheinitial values of the track-following controllersfor short seeking, makesthe
use of the feed-forward controller and reference trajectory unnecessary. The proposed
design also takes into consideration the saturation property of the fine actuator by
using a two-stage I VA scheme: (1) only VCM loop is utilized in the first stage (beyond
PZT stroke limit), and IVA is designed to yield a high-speed seeking; (2) PZT loop is
switched on when the read/write head approaches the target track in the second stage
(within the PZT stroke limit), and 1VA is used to produce a fast and smooth response.

Simulation resultsverify the effectiveness of the proposed method.
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1. Introduction

The hard disk drive industry continues to strive for increased stoeggties and reduced
data access times. This demands performance improvementshefth@ositioning system
in terms of fast track seeking and precise track followintheftarget track. To meet these
requirements, the servo bandwidth of the head positioning systembeaustreased to
reject a wider range of disturbances such as disk flutter mbsatspindle run-out, windage,
and external vibration. The servo bandwidth, however, is mainly linyethe actuator’s
mechanical resonance modes. Dual-stage actuation has been zedogsia powerful
candidate to expand the servo bandwidth. The dual-actuator disk féensgensists of two
actuators: coarse and fine actuators. The coarse actuatolois bhndwidth with a large
operating range and it is used for coarse positioning; the voiceator (VCM) is the most
popular coarse actuator. The fine actuator is of high bandwidth it operating range
and it is used for fine positioning; the piezoelectric transduR&T) is a popular fine

actuator.

The dual-stage actuator can improve both track-following and tratdrge performance.
Many research efforts have been devoted to the design ofadiefollowing servo using
dual-stage actuators. Several designs for dual stage trémkifa servos have been
proposed, such as a parallel type (Digicgl., 2000; Sembegt al., 1999), a decoupled type
(Mori, et al., 1991), a master-slave type (Koganezaeaal., 1999), and a u-synthesis

MIMO type (Hernandezet al., 1999). However, short seeking performance of dual-stage



servos has not been discussed much. It has only been evaluated bdspdespsnses of a
closed-loop track-following feedback system, or alternatively, aeliby a two-degree-of-
freedom (TDOF) servo structure, which requires the design andnmaptation of both the
feed-forward controller and reference trajectory (Kobayashi amwitz, 2001; Ding.et

al., 2004).

In this report, we propose a novel method for dual stage short seekimgl ®ased on dual-
stage track following control and initial value adjustment. Thishots which utilizes the
same controllers as in track following, tunes the initial valuasagk-following controllers
for short seeking. By tuning the initial values of the feedback controller, tiredlggnsient
characteristics in short-seeking can be obtained without the usedforward controller
and reference trajectory, which implies no real time computéiofeed-forward control is
needed. As the fine PZT actuator has a stroke limit of only a few micnaykte design for
the short seeking also take into consideration the saturation promérties PZT actuator.
When the short-seek distance is over PZT stroke limit, a twe-$%6y scheme is designed
in such a way that only VCM loop is utilized in the first st@igeyond PZT stroke limit),
and the PZT loop are switched on when the read/write head approaehesget track in
the second stage (within the PZT stroke limit). The first st¥@eis designed to yield a
high-speed seeking, and the second stage IVA is used to prothsteaad smooth response

as the output approaches the command input.

The remainder of this report is organized as follows. Section @ides the structure of a

dual-actuator HDD and the track-following controller design.tiBec3 presents the



proposed dual-stage short seeking control with IVA. Both one-track seglndend short-
span seeking (over PZT stroke limit) design are discussed alibin the simulation results.

Conclusions are given in Section 4.

2. Dual Actuator System and Track Following Controller Design

Fig. 1 (a) shows a 3.5 HDD with VCM as a first actuator and a PZT a®aday actuator.
PZT stroke limit is+1.0um. The actual HDD was modeled through frequency response test
and Fig. 1 (b) shows the experimental setup which includes the HQdhgital signal
processor (DSP), and a laser Doppler viborometer for measuring the position ofitheitea
head. The frequency responses of VCM and PZT plant models are shéwgn 21 Notice

that the VCM pant model has double integrators with three resomandes and the gain
plot is flat at low frequencies due to pivot friction. The PZT pant model has threamessn

at high frequencies.

Read/write head PZT Hard Disk Drive

VCM

Fig. 1 (a) Dual-actuator Hard Disk Drive Fig. 1 (b) Experimental Se



In this study, the parallel track-following servo controlleused to achieve high-accuracy
track following (Ding,et al., 2000). The servo structure is shown in Figeawv and Ppzr
represent the plant models of VCM and PZT, respectiv@lyand C, are, respectively,
controllers for the VCM and PZT actuators. The VCM controlleleisigned to stabilize the
VCM loop for preventing damage to disk drive systems when thei®Adt activated, and
achieve basic performance. It is designed to be a phase-thgdeapensator. The PZT
controller is designed to achieve overall performance and is a-faitasempensator with

two notch filters.
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Fig 3 Tracking following control system for dual-actuator HDDs
3. Dual stage Short Seeking Control with Initial Value Adjustment

In this section, we will discuss short seeking control with IVAtfe dual-actuator HDDs.
We first explain one-track seeking design and then discushthtespan seeking (over PZT

stroke limit) design.

3.1 One-Track Seeking Design
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Fig. 4 1-track seek with IVA for dual-actuator HDDs

Fig. 4 shows a schematic diagram of 1-track seeking contrbl Wi for dual-actuator
HDDs. The proposed method has the following features:
(1) The overall structure during seeking is a one-degree-of-freedom structure.
(2) Reference input is set to be a step signal, i(&)=r for k>0, wherer is the

seeking distance. Output y is the head position, which can be measheed.



feedback controllers are the same as the dual-stage track following ewstroll

(3) Nonzero initial values are set to both controllers for 1-track seeking.

Notice that the adjustment of the initial values of the controffesroves the transient
response without changing closed-loop characteristics such d#ystatal sensitivity. Since
we already have the track following controllers, finding theahialues of the controllers
becomes the main issue. In the following sub-se@idi, the closed loop system depicted
in Fig. 4 is represented in time domain. Then in sub-se8tibd, IVA of the controllers is
formulated as an optimization problem by finding the optimal ingtiales of the controllers
to minimize the performance index based on the tracking errorgedi performance
index for short-seeking is discussed in sub-secBdrB. Simulation results are given in

Sub-sectiorB.1.4.

3.1.1 Close Loop System in Time Domain

Assume that the dynamic models of VCM plant and PZT plant in continuous time are

%y (t) = Aprxy (1) + Bogliy (1)
Y (t) = Corxy (1)

(1)

Xp(t) = AOZXp(t) + BOZUp(t)
Yp(t) =Co2Xp(t)

and

@)

where x, oo™, u, andy, are the state vector, control input and output of VCM, and

x,00™,u,,y, are the state vector, control input and output of PZT.

The discrete time equivalents of (1) and (2) with sampling pdisa@dn be expressed by



x, (k+1) = Ax, (k) + Byt (K)
Yo () = Cyx, (K) 3)

Xp(k+1) = Agx (K) + Boup (K)

and VoK) = Cyxp(K) “

h nZ ny Ixn, ng Np Ixnp
where  A00V,B,00%c,00%Y, A,00"%,B,00™,C,00

Suppose VCM controller and PZT controll€i(z) , C; (z) can be expressed in time

domain as follows:

Xoe (K +1) = ArcXye(K) + Byce(k)

_ (5)
Uy (K) = CycXyc(K) + Dyce(k)
and Xpe (K +1) = ApcXpe(K) + Bpee(k) (6)
Up(k) = Cpcxpc(k) + Dpce(k)
where x,.00™ | A 00% B, 00M,C,, 00%™, D, 00

xnpe

2
Xpe 00", A 00" By 00", Cpe 007 P, Dy 00

Combining the controllers equations (5), (6) and plants equations (3nd4deferring to
Fig. 4, we can obtain the closed loop system:

xX(k+2) = Ax(k)+Br
y(k) =Cx(k)+Dr (7)

where  x (K) =[x (k)" xp(K) T xye (k)T xpe (k) TT O O™ P * e pe

MatricesA, B, C, D can be computed from the system matrices in (3)~(6). Noticehbat
states of the closed loop systeqwcan be separated into two parts: the states of two

plants &(k)) and the states of two controllers(k)):

I xv(k) | xve (k)
X (K) ._{Xp(k)} , xc(k).—{xpc(k)} .

The resulting closed loop system (7) is asymptotically staBcause the track following



controller has been designed to stabilize the system. The erramaygof the closed loop
system is:

ex(k+1) = Aex(k) 8)

where e (K) = x(K) = X(«),  X(0) = (I = A)1Br (9)
3.1.2 Initial Value Adjustment of the Controllers

Now the initial value adjustment of the controller can be fortedlaas the following
optimization problem.
Problem: Consider the control system descried by equation (7). Finditied value of the

controllerx.(0) that minimizes performance indéx
1= 3 e (0 Qe k), forQ>0 (10)
k=0

whereeg, (K) is as defined in (9).

Theorem 1: Theinitial value of the controllex,(0) that minimizes performance indéss:
Xc (0) =K1+ Kz X (0) (11)
where Ky =[P RL 110-A7'B, Ky =-P3R} (12)

and P, , Py, are obtained by the Lyapunov Eq.:

(13)

Py R
ATPA-P=-Q Pz[ T 12}

P> Py
Proof: SinceA is asymptotically stable, (13) has a unique positive definiteignl@®>0,

andJ can be transformed ta:=e, (0)" Pe, (0)



0 0
Where e, (0) = x(0) — x(c0) = [ik ((0))} - X(0) = {Z ((O))} (14)
c

So, J =& (0) Pryg (0) +26f (0) Proec (0) + e (0) Poec (0)
It is easy to show thati/ax.(0)=0 is equivalent t@®J/de.(0)=0. Solvingal/de.(0)=0, we
get

&:(0) = -P2R%%x (0) (16)
From (14), (16) and (9), we conclude that J is minimizedd@) = K; r + K, x(0) , whereKs,

O
K, are as defined in (12).

Noting thatx, (0) may be assumed zero for 1-track seek, the initial value afothieollers

turned out to be a simple form as:

X(0)=Kqr, Ki=[PzPR, 11(-A7B (17)
3.1.3 Design of Performance I ndex Function

The performance inded plays an important role in determining the initial value of the

controller and thus the short seeking performance.
Design |- considering tracking error at sampling points

It is straightforward to evaluate the tracking error at samgppoints and consider

smoothness of the output and control input in the performance index as:

1= 3 1oy e, (9714, (18)

10



where ey (K) =YK - y(@), & (k) =[ey(k+D-ey(K)]/T

3= SUM-UETUR UL U=l up]l (19)

andq; 0o are weighting factors.

Lemma 1: The performance indeXin (18) can be transformed into the standard quadratic

form:
J= % (k) Qex(k)
k=0
where Q:CTC+Q1CdTCd +QZCuTCu1
_ _D CV;_D C 1CV ,O
Cd:CA | | Cy = Ve Ve~ pr Ve (20)
T, ~DpeCy»~ DpeCp,0,Cpc

The proof is omitted here.
Design I1- considering the inter-sampling behaviors

Design method | only evaluates the tracking error at the sampling instants. wowthe
plant is a continuous-time system, and it is natural to evaluateotitsnuous-time signals
directly. Especially in dual-stage servos, inter-sampling eippay take place if the second
actuator has mechanical resonance modes at high frequengiesl lsmampling frequency,
which can be excited by the control input. To incorporate the inter-saneiror, we

modify J in (18) as follows:
3= Z[ey(t)2 + oy (020t + 3, (23)

where ey (t) = y(t) - y(), Juis as defined in (19).

11



To evaluate (23), the pieces of the continuous-time sigjeande(t) are introduced as:

% (K)(V) = % (KTs +V) VO[T (24)
& (K)(v) = & (KTs +V)

where e, =x0) -x() = O e, |

Lemma2: e(k)(v) is a function of error-vecta (k):

e, (K)(v) = HeASe, (k) , vO[0,T]

(25)
~ [P O |+ _[An Boi]; _[Aw Bo
where A_L %2],%1_{0 O}’AOZ{O o }
e
_ s | [t1n,01, 0
S_{Sp:lx Onpxr\/'lnp!onpx(r\/c’fnpc) »H _[O, [I, ,0]
Cy P
I n, Onvx(np+2) Oann\l’ I np ,Onpxz
= , Sy =
S"{o ..... 0,10 0.0 0 1
The proof is omitted here.
Noting that  y(k)(v) = y, (K)(¥) + Yp(K)(v) = Corx, (K)(¥) + CopXp (K)(V) = Coxc (K)(¥), Co =[Co1 Coyl
Y()(V) = y() = Coa (K)(V) (26)

and using Lemma 3 , we obtain

0 o Ig
3 =Jey(0)%dt= 3 { [Ty(K)(v) - y(eo)] v}
0 k=0 0
o TIg
= ¥ { [e] (KV)Qecer (K)(V)cv}
k=0 0

= 3 (el (08 (A (HT QuH)eR Vav)Se (k)
k=0 0

[ee]

{e] (K)S' Qg Sey ()} = X ey (K)T Quey (k)
k=0 k=0

12



Ts ~ o

—T ~ — ~ S T ~ ~

where Q=S Q.S, Q = [ e V(HTQgH)eM Vav, Q. =C{Cy
0

Thus, we conclude that the performance index (23) can also be transformed into the

standard quadratic form as= § e (k)T Qe (k).
k=0

3.1.4 One-track Seeking Simulations

We used the same plant models (as in fig. 2) and track-follovangatlers as discussed in
Section 2, and assumed a density of 25.4 KTPI (one-track pitctnmg for the simulations.
Fig. 5 shows the response of the output without initial value adjustrhére controllers for
1-track seeking. The dark line shows the head position, the light nthed@tted line are
VCM and PZT position respectively. Simulation results of 1-tragkisg using proposed
method are shown in Fig. 6. From Fig. 6, we can see that a fasinaath response in short
seeking can be achieved by IVA of the controllers. The design pteest, g; are set as
follows after some trial and errorgi=0.09, 0,=0.005. And initial values of the controllers

are calculated by (17).

It could be noted from Fig. 6 that the dual-stage seeking controllygiegiroves the
responses. It takes about 0.3 ms to move the head to the desired tfzaktse head can
read or write data on the data track. The PZT actuator fosesmtowards the target track,
and then returns to its stroke center to cancel out the movement\WCMeactuator after
the head is on track. We can see PZT is within its stroke. lifiig 6 (c) compares the

performance ofDesign | and Design I, which confirms that inter-sampling ripple is

13



decreased usingesign I1.
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Fig. 5 1-track seek without IVA for dual-actuator HDD
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Fig. 6 1-track seek with IVA for dual-actuator HDDs:(@gsign |; (b) Design I1; (c) Head

position around target track, dark lii@esign I1; light line: Design .

From Eq. (17), we can see the initial values of the controllerssealed with seeking

distance r, so are the responses of both actuators. As selektangce becomes longer, the

PZT response will exceed its stroke limit as the upper figreig 7, where r=3. If the

14



saturation property is considered, the performance is degradied lasver figure of Fig. 7.

In the next section, we will discuss the short-span seeking thleehead moves over the

PZT actuator’s stroke limit.

VCM position
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[Time(s)

Time(s)

Position (um)
- o - N w IS @
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L L L L L L
0 1 2 3 4 5 6 7 8
3

x10

Fig. 7 3-um seek using IVA (Response Over PZT Stroke Limit)

3.2 Short-span Seeking (Over PZT Stroke Limit)

3.2.1 Overall Control Structurefor Short Seeking

Fig. 8 and 9 show the schematic diagrams of short seeking contholl\Wt for dual-
actuator HDDs, where the seeking distance is over PZT stroke The proposed method
has the following features:
(1) The overall short-span seeking is divided into two stages, asectterFig. 9: in the
first stage, where the head is beyond the PZT operation ranlyeyYCM actuator

and its controller is used; in the second stage, where the hepgragaehing the

15



target track (within the PZT operation range), the PZT actw@aidrits controller are
switched on.

(2) Reference input is set to be a step signal for the whole short-span seekir(g)=r
for k=0, wherer is the seeking distance. The feedback controllers are the same as the
dual-stage track following controllers.

(3) Nonzero initial values are set to the corresponding controller (clemg)oht the start
instant of each stage to achieve desired short seek performance.

For simplicity, we will explain in two-stage design procedure.

Set Initial Values

@) |+| ZOH |»| Pyry(sy | Disturbance
Eef=1r_, e + + ¥

| }—.1 ¢,@ |+ zoH || Fomts) +
T

Set Initial Values

(@)

Set Initial Values
r €

457—’*»!_0:;'—-{ ZOH |+ Pyry(s) |—+é‘g.y_.

(b) Sagel

Disturbance
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(c) Sagelll

Fig.9 Dual-stage short-seek with two-stage IVA

3.2.2 Stage-| Design (e>ry)

In the first stage we use the servo system shown as Fig, @iich involves only VCM
loop. The initial value o€, can be obtained following the same procedure as Section 3.1 by

first obtaining the closed loop system depicted in Fig.9 (b) in time domain as:

x(k+1) = Ax(k) + Br

y(k) =Cx(k) +Dr (27)
where
— | %K)
(0= {xvcao} ’
A:{A\O/ B\/A(,:‘;VC}{BVB\IZVC}[CV O]}, B{B\IBIVDCVC}’ c=[c, 0], D=0 28)

The initial value of controlle€; can be obtained using Theorem 1 asx,(0)=K;r
whereK;=[Px'P1" , 1](I-A)™B, andP, , P1, are obtained by solving the Lyapunov
equation:

Ri Po

ATPA-P=-Q , P=|_T
{Plz P2

}, Ais as defined in (28)

17



The objective of IVA in th€dage | is to get a rapid response, so we design the performance

index only based on the tracking error ignoring the smoothness &stms § ey(k)z, and
k=0

soQ=C'C by Lemma 1, where C is defined in (28).

3.2.3 Stage-I1 Design (e<ry)

The PZT loop is activated at the instamse,, and in stagél, we use the servo system in

Fig. 9 (c), which is the same as that of 1-track seekingpéxbat the initial value of the
plantsx(0) is not zero here. Nonzero initial values are set to the clamgrait the switching
instance. The initial value here refers to the state awilielsng instance. The initial values

of Ciand G can be obtained following the same procedure as 1-track seeitigst
obtaining the closed loop system in Fig.9 (c) as (7), and then dirttie optimal initial
values of the controller using Theorem 1. Notice that the invéikles of the controllers are
determined by (11) instead of (17), due to the nonzero initial valuéiseoplants. The
objective of IVA inSage Il is to get a fast and smooth response as the output approaches
the target, and performance index is designed uBesign method | as (1§, or using

Design method 11 as (23) for enhanced inter-sampling performance.

3.2.4 Short-span Seeking Simulations

Now, we evaluate®-um seeking responses, which are over the PZT actuator stroke limit.

Simulation results of 8m seeking using proposed method are shown in Fig. 10.rdeBe

18



and we setpto be 2. We can see that a fast and smooth response in short seking

achieved. Compared with Fig.10 (a), Fig.10 (b) shows that inter-sgmpdiriormance is

improved usindesign 1.

VCM position
PZT position
11 — Head position

Position(um)

El L I 1 L I 1 I Time(s)

(a) x 10

N

VCM position
PZT position ||
—— Head position

Position(um)
-

o

1 1 1 I I ! I I Time(s)
0 1 2 3 4 5 6 7 8

(b) X 1073

Fig. 10 3-um seeking by two-stage IVA considering PZT saturation:

(a) Design I; (b) Design II;

Fig. 10 also indicates how the two actuators contribute to the respdosing the short-
span seeking. At first, only VCM actuator is activated. Withenr/w head approachesl,

PZT actuator is switched on, and the response is such that thadRz&for first moves to
the target track, and then returns to its stroke center to aautcétle movement of the VCM

actuator after the head is on track. We can see PZT is wishapération range during the

whole short-span seeking
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4. Conclusion

This report has proposed a short seeking control method based on tiawiafpl
controllers and initial value adjustment for dual-actuator HDD'& improves transient
characteristics from the viewpoint of minimizing the performanu#gex function. By
incorporating the inter-sampling error and the smoothness of outpubatrdlénput in the
performance index, initial value adjustment of the track-follonéongtrollers can achieve
desired short seeking performance. To avoid micro-actuator saurat two-stage IVA
scheme is designed to provide a high-speed movement in thetdiget using only VCM
loop, and fast and smooth positioning in the second stage using both actbiatoitations
for both 1-track seeking (within PZT stroke limit) and short-sp&kiag (over PZT stroke
limit) are performed. Simulation results confirmed that aneksiet short-seeking

performance can be achieved without saturating the fine actuatgrtbsi proposed method.
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