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ABSTRACT

Thisreport discusses short seeking control for a hard disk drive with voice coil motor
(VCM). A novel design method is proposed based on the track following control and
initial value adjustment (1VA). Initial value adjustment, which adjuststheinitial values
of the track-following controllers for short seeking, makes the use of the feed-forward
controller and reference trajectory unnecessary. The proposed design also takes into
consideration the compromise between speed and overshoot in short seeking when
seeking distance becomes longer by using a two-stage | VA scheme: (1) In thefirst stage
(when the read/write head is far away from the target track), the integral action of the
track following controller is inactivated and IVA is designed to yield a high-speed
seeking; (2) In the second stage (when the head approaches the target track), the
integral action is switched on, and IVA is designed to produce a fast and smooth
response without overshoot. A design example verifies the effectiveness of the proposed

method.
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1. INTRODUCTION

TThe hard disk drive (HDD) industry continues to strive for increas®dge densities
and reduced data access times. This demands performance improveméms head
positioning system in terms of fast movement and precise positidfonghis reason, many

research efforts have been devoted to apply advanced control methods to HDDs.

In general, the servo systems of HDDs have two major taskss tnaek following and
the other is track seeking. Track following maintains the rea@\mgad on the center of a
specified track as precisely as possible. In track followtirgimportant to regulate tracking
error against various disturbances. Track seeking moves the lbeagrfesent track to a
target track as quickly as possible. In track seeking, near tinmaadgtontrol is generally
used, especially for long span seeking: e.g. proximate time agarvomechanism (PTOS)
[1]-[3]. The read/write head follows such an optimal trajectorynove toward the target
track, then switches to settling mode, and finally into track-fallgwmode. However, for
short-span seeking, it is more effective to use unified contr@mses, in which the track
seeking and track following control can be simultaneously applied. A pogchame for
short seeking is based on a two-degree-of-freedom (TDOF) servotustr [4]-[7].
However, the TDOF control algorithm is much more complicated dubke feed-forward
controller and reference generation, which also implies moretireal computation and

memories are required in its implementation. To save real ¢congputation, Hirata and



Tomizuka avoided the use of TDOF structure in short seeking bzingilmulti-rate control

and initial value compensation [8].

In this report, we propose a novel method of short seeking condesd ba track
following control and initial value adjustment (IVA). This method, whides the same
controller as in track following, tunes the initial value of traskefwing controller for short
seeking. By tuning the initial value of the feedback controller, deeired transient
characteristics in short-seeking can be obtained without the usedforward controller
and reference trajectory, so that no real time computationddrftgward control is needed.
On the other hand, almost all track following controllers includenéegral action for
improved steady state error, which leads to the compromisedrespeed and overshoot in
short seeking when seeking distance becomes longer. As swatrstage IVA scheme is
presented: (1) The integral action of the track following contr@lénactivated in the first
stage (when the read/write head is away from target trankl) VA is designed to yield a
high-speed seeking; (2) The integral action is switched on when &tk dpproaches the
target track in the second stage, and IVA is designed to produsteanthsmooth response

without overshoot.

The remainder of this report is organized as follows. Se2tdwscribes the structure of
a HDD and the track-following controller design. Sectopresents the design of IVA for
short seeking control; and in Sectidnthe design of two-stage IVA is discussed in detail

along with a design example. Conclusions are given in Segtion



2. HARD DISK DRIVE SYSTEM AND TRACK FOLLOWING CONTROLLER

A typical hard disk drive (HDD) is shown in Fig. 1 (a). It has read/write heads;e
coil motor (VCM) and magnetic disks which are rotated by a spimditor. An actual HDD
was modeled through frequency response test and Fig. 1 (b) shoassptrenental setup
which includes the HDD, a digital signal processor (DSP), andex Roppler vibrometer
for measuring the position of the read/write head. The frequersppmees of the plant
model are shown in Fig.2. Notice that the plant exhibits second dndemateristics with
three resonance modes at high frequencies. The gain plot & faw frequencies due to

pivot friction.

Hard Disk Dyive

Read/write head

Disk
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Fig. 1 (a) Dual-actuator Hard Disk Drive Fig. 1 (b) Experimenipl Set

The servo structure for track following is as depicted in Fig.3, evRgey and C
represent the plant model and track following controller, respégctiVee control inputi is
a voltage for VCM and the measurement outpus$ the head position. Suppose a track
following controller has already been designed to meet perfoensiecifications for the

plant, which include stability of the closed loop system and steady state error.



As an example, we consider a third order lead-lag compensator described by

C(2) = 4.0681%-0:9057)(2 0.9756)(z 0.9905) "
(z-0.8664)(z 0.9577)(z1)

This controller possess a pole at z=1, which corresponds to an irdetipa for zero steady

state error for constant disturbances.
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3. SHORT-SEEKING WITH INITIAL VALUE ADJUSTMENT

We will first explain short-seeking control by IVA when segkdistance is very short
in this section, and discuss short-seeking by two-stage IVA wseking distance becomes

longer in the next section.

3.1 Overall Control Structurefor Short Seeking by IVA

Fig. 4 shows a schematic diagram of short seeking by IVA ofrale&-following
controller. Pycw represents the dynamics of the plant &{d) is a track following
controller. The proposed scheme has the following features:

(1) The overall structure during seeking is a one-degree-of-freesiarature, and the

feedback controlle€(z)is the same as the track following controller.

(2) Reference input is set to be a step signal,r{le=r for k=0, wherer is the seeking

distance

(3) Nonzero initial value is set to the controller for short seeking.

Notice that the adjustment of the initial values of the contrioliproves the transient
response without changing closed-loop characteristics such d#ystatal sensitivity. Since
we already have the track following controller, finding the ihitialue of the controller
becomes the main issue. In the following sec8dhthe closed loop system depicted in Fig.
1 is represented in time domain. Then in secB@ VA of the controllers is formulated as

an optimization problem by finding the optimal initial statesha&f tontroller to minimize



the performance index based on the tracking error. Design arpenfice index for short-

seeking is discussed in secti®d. Simulation results are given in secti®b.

3.2 Closed- loop System in Time Domain

Assume that the dynamic model of the plant in discrete time is

X, (k+1) = Ax, (k) + Byu(k)

2
y(k) = Gx(K) @)

wherex, 0O™ , u and y are the state vector, control input and output, respectively,

2
A,00%, B,00vandc, 0o%v.
Suppose controll€}(z) can be expressed in time domain as follows:

Xc(k+1) = Apxc(k) + Bee(k)

u(k) =C 3)
= Cexe (k) + Dee(k)
wherex, 00" ,AEDD”‘%,BCDD”C,CCDDb‘”C andp, 00
Combining the controller equation (3) and plant equation (2) and referrkig.t4,
we can obtain the closed-loop system:
x(k +1) = Ax(k) + Br
4
y (k) =Cx(k) @
where x (K) ::{X"(k)},
Xc (K)
_J|A BCc|_|BDc _| BvDc _
8 R o oS et o ©

The resulting closed loop system (4) is stable because tte folowing controller has
already been designed to stabilize the system. The emandys of the closed loop system

is:



ex(k+1) = Ae(k) (6)

where e, (K) = x(K) - x(),  x(e0) = (I —A)Br 7)

3.3 Initial Value Adjustment of the Controller

Now, the initial value adjustment of the controller can be forradlas the following
optimization problem.
Problem: Consider the control system descried by Eqg. (4). Find the initlaevaf the

controllerx.(0) that minimizes performance indéx
J=3 ek Qe(k), forQ>0 )
k=0

whereeg, (K) is as defined in (7).

Theorem 1: Theinitial value of the controllex,(0) that minimizes the performance inde&x
is:

% (0) =Ky r +K3 %, (0) 9)
where Ki=[PR% (-8, Kp=-P3RY (10)

and P,, , P12 are obtained by solving the Lyapunov Eq.

P, P
ATPA-P=-Q, P=|_T - (11)
P> P

Proof: SinceA is stable, (11) has a unique positive definite solution P>0Jacah be
transformed to:

J=e,(0) Pe, (0

o <[ %O [
where e, (0) = x(0) - x( )-Lc(o)} X( )-LC (0)} (12)



So, 3 =¢y (0) Prig, (0) +2e] (0) Proec (0) + € (0) Paoe; (0)
It is easy to show thati/ax.(0) =0 is equivalent t@J/oe.(0)=0. Solving aJ/de; (0)=0, we get

& (0) = ~P23 Pbey (0) (13)
From (12), (13) and (7), we conclude that J is minimized ek, r +K,x 0, WhereKs, K,

m|
are as defined in (10).

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

controllers turned out to be a simple form as:

x(0)=Kyr, Ki=[PRRL 11(I-A)"B (14)

3.4 Design of Performance Index Function

The performance indelxplays an important role in determining the initial value of the
controller and thus the seeking performance. To obtain good perfanrashort seeking,
the performance index is based on the squared summation of the error arftheswot the

control input for enhanced performance:
J= éo [y(K) = y()] + fu(k) - u(e)]? (15)

whereg=0 is a weighting factor.

Lemma 1. The performance indeXin (15) can be transformed into the standard quadratic

form:

3= 3 e (0 Qey(K)
k=0



where Q=c'c+qc,'c,, C,=[-DLC, Cl (16)
Proof: From Eq. (3),

u(k) = Cexc (K) + D (k) = Cexc (K) + D¢ (1 - y(K)) 17)
By substituting y(k) = C,x,(k) into (17), we get

u(k) =[-DcCy , CcIX(K) + Dot =Cyx(k) + Der

Thus, u(k) —u(eo) = Cy[x(K) — x(0)] = C ey (K)
Also, Y(K) — y(e0) = C[X(K) — X(e0)] = C ey (k)
Therefore, Q=Cc’C+qC,'C, O

3.5 Simulations of Short- Seeking by IVA

Now we use the plant model (as in Fig. 2) and track-followangraller (as in Eq. (1)),
and assumed a density of 25.4 kTPl (one-track pitch usnilfor the simulation study.
Simulation results of one-track seeking with IVA are shown in FagdbFig.6. In Fig. 5, the
solid line shows the response of the proposed method and the dashed lisetsdow
response of the output without initial value adjustment. From this figteean see that fast
and smooth response in short seeking can be achieved by initialadjitsgment of the

controller.

Figure 6 indicates how the transient characteristics maghbped by different
weighting factorsg in the performance index. We can observe from Fig.6 that a smalle
weighting factorq (such asg=0.8), which allows for larger control inputs gives a fast
response but may lead to overshoot of the head position, and a large weighting (&atbr

asq=80), which penalizes more the fluctuations of control input in théopaance index,

10



gives smoother but much slower response. As a result, we can tumeigihéing factoig to
achieve desired step-responses taking into account both speed and oversh®oieH
chooseq to be8, where the overshoot 502track and settling time i4.0 ms Note that the
settling timeis defined as the time required for the read/write head th @t stay within a

steady erroe around the final target, whegas 5% of the track pitch.
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Fig.5 1-track seeking with/without initial value adjustment
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Fig. 6 1-track seeking with IVA for different weighting factpr

From the simulations, we see that when seeking distance ishanty IVA can achieve
desired transient by tunning the weighting factor and thus thel watiae of the controller.
However, as seeking distance becomes longer, there will be a cois@rbetween the
speed and overshoot in transient response, in other words, a fasillrisause a large

overshoot, and avoiding overshoot will makes response very slow.

11



For illustration, consider a seeking distance afagk According to Eq. (14), the initial
value of the controller is proportional to seeking distanc® is the response of the head
position. As shown in Fig.7, when the seeking distance becerdrmck, if we still choose
g=8, then the overshoot scales ut@2track (0.02 track6). The settling time due to this
large overshoot becomes very long, whict8i8 ms To avoid large overshoot, a much
largerq (such agyj=80) may be chosen, but it will make the response too slow. Thus, it is
difficult in the present scheme to get a desired response witlte@dsettling time as
seeking distance becomes longer. To overcome this problem, we proposstage IVA

scheme in the next section.
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Fig.7 6-track seeking with IVA for different weighting factpr

4. SHORT- SEEKING WITH TWO-STAGE INITIAL VALUE ADJUSTMENT

The basic idea of two-stage IVA is that when the seekirigndes becomes longer,
seeking is divided into two stages, and IVA is applied in each dfiuhastages to obtain the
desired transient in each stage. In the first stage, wheteetitk is far away for the target
track, IVA is used for a high-speed response; in the second stagee thieehead is

approaching the target track, IVA is used for a fast and smooth response witholboters

12



Note that almost all track following controllers include an naiegction to improve
the steady state error due to bias [9]. A typical traclofalig controller is a proportional
plus integral plus derivative (PID) controller, or a lead-lag corsg®r which consists of a
lead filter and an integral action. Without loss of generalitg, ttack following controller
can be expressed as

C(2) =Co(9C (2) (18)
whereC, (2) is an integral action. In our example, the track following controller is
(z-0.9057)(z 0.9756)(z 0.9905)

C(2) =4.068%
(z-0.8664)(z0.9577)(z1)
=Co(2)C (2)

where

Co(2) :4.06812_0'9057>< z-0.9756
z-0.8664 z-0.9577

z-0.9905

C (2= (19)

In the two-stage IVA design, the integral action of the clbertiis inactivated in the
first stage and activated only in the second stage as the ppemhehing the target to

eliminate the steady-state error.

4.1 Overall Control Structurefor Short Seeking by Two-stage IVA

Figures 8 and 9 show the schematic diagrams of short seeking wothtrolo-stage
IVA. The proposed method has the following features:
(1) The overall short seeking is divided into two stages, as referEdy. 9: in the

first stage, where the head is far away from the targek tthe integral action of

13



the controller,C, (2), is inactivated and controlleZ, (2) is used; in the second
stage, where the head is approaching the target track, the integiat is
switched on and the whole track following controlly(z) is used.

(2) Reference input is set to be a step signal for the whole spant-seeking, i.e.,
r(k)=r for k>0, wherer is the seeking distance.

(3) Nonzero initial values are set to the corresponding controllerge adtart instant
of each stage to achieve desired short seek performance.

Some details of the two-stage design procedure are explained in the nexi@uhsec

Set Initial Values
B

Co (2 Disturhance

. . y
A.T—f_ e T-f ZOH |+ Pyryfs) }—§T’
Set Initial Yalues

Fig.8 Short-seek control with Two-stage IVA

(a) Division of short seeking into two stages
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(b) IVA in Stagel
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c) IVA in Stagell

Fig.9 Short-seek with two-stage IVA

4.2 IVAin Stagel (€>T1p)

In the first stage, we use the servo system shown as K, @hich use<, (2) as the
controller. As is known, dropping the integral act@r{z) will lead to a nonzero steady state
error, but will not appreciably affecting the stability of tHesed loop system, which is
demonstrated by Fig 10. In Fig.10 (a), the light (red) line idithe response of closed-
loop system where the whole controlgfz) is used. The dark (black) line is the response
whereC, (2) is dropped, and we observe a steady-state error as expedtgllb (b), the
light (red) line is the frequency response of the open loop syBiem C, andthe dark
(black) line is the frequency response Rifcm Co, which confirms that stability of the

closed-loop system is preserved when the integral action is dropped.
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Fig.10 Time response and frequency responses analysis with/withoutliatsgna

InStage Ithe initial value ofCycan be obtained by following the same procedure as in

Section3 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

(20)
where x(K):=[x, (K)', X0(K)'], and x, and X, are state vector of the plant and controller
Co, respectively.
Since this system is stable, the initial value of contr@liecan be obtained using
Theorem 1 as:
Xeo(0) =Ky r
whereK;=[Px'P12" , 1](I-A)™B, andP,,, P;, are obtained by solving the Lyapunov

equation:

Ri PRo

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

}, Ais as defined in (20).

16



The objective of IVA irBtage lis to get a rapid response. Thus, the weighting factor

in the performance index should be set sifsaith a=0.8).

43 IVAin Stagell (€=Tp)

The integral action is activated at the instaevag, and inStagell, we use the servo
system in Fig. 9 (c), which is the same as the structurggintFexcept that the initial value
of the plantsx,(0) is not zero here. Nonzero initial values are set to the clemg@lt the
switching instance. The initial value here refers to the stiathe switching instance. The
initial values ofC(z) can be obtained by following the same procedure as in S&tiby
first obtaining the closed loop system in Fig.9 (c) in the form4df &énd then finding the
optimal initial values of the controller using Theorem 1. Notice tima initial values of the
controllers are determined by (9) instead of (14), due to the nomdgab value of the

plant.

The objective of IVA irStage Ilis to get a fast and smooth response with little
overshoot as the output approaches the target. Thus, the weighting daatorthe

performance index should be set lar(gerch ag)=20).

4.4 Simulations of Short- Seeking by Two-stage IVA

The simulation result @&-track seeking using 2-stage IVA is shown in Fig.11. Here
6 and we setpoto be 4. The light (red) line is the response in the first stabereq is

chosen a$.8; the dark (black) line is the response in the second stage, yieohosen as

17



20.The settling time is greatly reducedlt@d msby two-stage IVA.
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Fig. 11 6track seeking by two-stage IVA

From above, we see that when the seeking distance becomestiongtage IVA can
achieve a desired response by inactivating the integral acttbe first stage and assigning

different values to the weighting factpin different stages.

5. CONCLUSION

This report has discussed short seeking control methods based eioliadkg
controllers and initial value adjustment for HDDs. IVA improvesigrant characteristics
from the viewpoint of minimizing the performance index function. Byoiporating the
tracking error and the smoothness of control input in the performades,ilVA of the
track-following controller can achieve desired transient in sheeking, when seeking
distance is very short. To overcome the difficulty in compromispeged and overshoot as
seeking distance becomes longer, a two-stage IVA scheme is desigpeovide a high-

speed movement in the first stage, and fast and precise positionthg second stage.
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Simulations for both 1-track seeking by IVA and short-span seeking¢k}tby two-stage
IVA are performed. Simulation results confirmed that good shortisggierformances can

be achieved using the proposed methods.
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