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Abstract

Multi-rate control has been proposed to reduce the realntie computation in hard
disk drive servo systems. It has been showed that comptitan can be saved greatly without
performance degradation by using multi-rate controller for track following. In this report,
we propose a novel method for short seeking control based orulirrate track following
control and initial value adjustment for both single-actuator HDDs and dual-actuator
HDDs.

The proposed method, which utilizes the same multi-rateontroller and same servo
structure as track following, adjusts the initial values ofthe track-following controller for
short seeking. Real time computation is greatly saved in twaspects: first, computation is
saved by multi-rate scheme; second, initial value adjustmertf the feedback controller
makes the use of the feed-forward controller and reference tragtory unnecessary.

Simulation and experimental results confirmed that an exttent short-seeking
performance can be achieved with a small amount of regime computation using the

proposed methods for both single-actuator HDDs and dual-actuatdiDDs.
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1. Introduction

Recently, multi-rate control has been proposed as a solutiordioce the real time
computation in hard disk drive servo systems. In the implementafiservo systems for
HDDs with digital control, the amount of computation for reakticontrol is a big concern. The
HDD industry strives for lowering cost and the control algorithost be implemented on a low
end DSP, which may be performing various other tasks, and largen& of computation may
overload the DSP. Multi-rate scheme reduces real time computation by updatifigrefit
components of the controller at different rates, i.e. stomponents of the controller can be
updated less frequently to reduce the computation load. It has been staiwhid scheme
greatly saves computation without performance degradation inmflementation of the track

following controller [1].

Short seeking control is for moving the read/write head aerdsw tracks to the target track
quickly and precisely. Short seeking control may be based on a tyweedef-freedom (TDOF)
servo structure, which requires the design and implementationtoth®teed-forward controller
and reference trajectory [2]-[5]. Because of extra real tiomaputation for feed-forward control,
the amount of computation is larger in TDOF short seekingraotitan in tracking following
control. Hirata and Tomizuka avoided the use of the TDOF structure in shangskbgkadjusting

the initial value of the feedback controller .[6]

In this report, we propose a novel method for short seeking cbas®dl on multi-rate track
following control [1] and initial value adjustment. This methathich uses the same multi-rate
controller and same servo structure as track following, tumesnitial values of the track-
following controller for short seeking. The proposed method significasaves real time
computation in two aspects: first, multi-rate scheme inhersatlgs computation by updating the
slow-component controller at slow rate; second, by tuning theliniimes of the feedback
controller, the desired transient characteristics in shokirsggean be obtained without the use of
feed-forward controller, which implies no real time computation fémd-forward control is

needed.



The remainder of this report is organized as follows. In@e2tithe multi-rate short seeking
control with initial value adjustment is proposed for singleraictr HDDs. In Section 3, the
multi-rate short seeking control with initial value adjustmemiroposed for dual-actuator HDDs.
In Section 4, the proposed methods are applied to a HDD, and the t&imukesults and

experiment results are given. Conclusions are given in Section 5.

2. Multi-rate Short Seeking Control with Initial Value Adjustment
for single-actuator HDDs

2.1 Overall Control Structure for Short Seeking

Fig. 1 shows a schematic diagram of proposed short seeking contnoitidgly value
adjustment of multi-rate track-following controller for HDDO® represents the dynamics of the
plant.C(2) is a track following controller and it can be separat¢al anslow-mode controlleCs
and a fast-mode controll€ [1]:

C@=Cs()+Cs (2
D and| are the decimator and the interpolator respectively. Theopeab system has the
following features:
(1) The overall structure during seeking is a one-degree-of-freedom (Of2@Ejure.
(2) Reference input is set to be a step signal for short seelang(k)=r for k>0, wherer

is the seeking distance. The output signal is sampled with period

(3) The multi-rate feedback controller is the same as tlo& fdlowing controller. The fast-
mode component of the controliis updated at the measurement sampling fiate, (),

while the slow-mode componefl; is updated m times slower than the measurement
sampling rate with perio@is = mT; . The multi-rate ration is an integer greater than 1.

(4) Nonzero initial values are set to both the slow-mode contralie the fast-mode

controller for short seeking.



Notice that the adjustment of the initial values of tltller improves the transient
response without changing closed-loop characteristics such #dsystatnl sensitivity.Since we
already have the design methodology for multi-rate trackvdtlg controllers [1], finding the
initial values of the multi-rate controllers becomes thinnssue. A methodology on how to find
the optimal initial values of the multi-rate controllemisesented in this report. In the following
sub-section2.2, the multi-rate short seeking control problem is formulatedra®ptimization
problem by converting the multi-rate control system depictellignl to an equivalent MIMO
single-rate system. Then in sub-sectih, the optimal initial values of the controller for the
equivalent MIMO system are sought to minimize the performamdexi based on the tracking

error. Design of performance index for short-seeking is discussed-sestibn2.4.

. Slow mode controller: Cs
Set Initial Values Fast mode controller: Cf

Te lant

Cs Disturbances
+ n r
ZOH &

¥ Cf

T

Set Initial Values

Fig. 1 Schematic diagram of multi-rate short-seek control with IVA 10Dl

2.2 Representation of the Multi-rate Control System a Single-rate syasm via
Lifting
Assume that the dynamic model of the plant in continuous time is

X, (t) = Agx, (t) + Bou(t)
Y(t) = Cox, (t) @)

where x,(t)is a n,th-order state vector of the plantyt),y(t) are the control input and
measurement output, ang, By,Cq aren, xn,,n, x 1, 1xn, real matrices, respectively.
The discrete time equivalent of (1) with measurement sampling perisegxpressed by
xy ((k +]_-)Tf ) = Auxy (KT ) + Bpu(KT ) 2)
y(kTs ) =Cyx, (KTs)

Tt
where A =e™TT B = [ ef'Bydt, C; =Cy 3
0



Suppose a track following controller has already been designedeé&d performance
specifications for the plant, so that the closed loop systestable and steady state error is zero.
As an example, we consider a third order digital contraliéh two slow modes and one fast

mode given by

C=-0_+ 2, B .4 =C(@)+C( (4)
zZ—- 1 Z_az Z_a3

where C@=-"+ 2 o= g, (5)
Z_al Z_a2 Z_a3

Referring to Fig. 1, the slow-mode controllés(z) is updated m times slower than the fast-
mode controllelC; (z). The controlleC(z) cannot be described in the standard state-space form
because it is a time-periodic system. Thus, we introduces@eti-time lifting technique to
describe the multi-rate system by an equivalent single-ratarsysteich may be accomplished in

the following three steps.

STEP 1) The multi-rate controller in the transfer domain is transfornedn equivalent MIMO

single-rate controller in the time domain with slow period Ts.

Lemma 1 Under the proposed multi-rate implementation scheme, the contieleribed by

Eq.(4) can be represented by a MIMO single-rate system in time donfallfoasng:

Xc[k +1] = Acxc[k] +Bg e[k] ©)
ULK] = Cexc[K]+ D¢ e[K]

where x.[K] is a 3rd-order state vector of the controller afid,U[k] are the lifted position error

signal and lifted control signal:

Xc[K] = X (KTs) (7)
dk,0] e(kTs)
E[k] — dk:l] - e(kTS +Tf ) (8)

dk,m-1| |ekT,+m-1T;)

u[k,0] u(kTs)
Upg=|Mka || T ©)

ijfk,m—l] ijkkTS+(m—1)Tf)

A. 00338 B, 00%M c.00™ andb, O0O™™ are:



abp 0 0 111 ds
a” 0 o =0 11 5 by ds
A=l0 a' 0| Bc=|Sab, O 0 |'C=[1 1 & || D=|lagdy B d
m i=0 P N
v a0 %y . By 114t A% A .. B
(10)
Proof:
Note that C(z) can be expressed in the time domain as
ak+D | jag 0 0fxk | b
xok+D)|=| 0 a 0 x(k) |+ b lek) (11)
xak+D] [0 0 agfxg(k)| |b3
uk) =1 1 1x(k) + dze(k) 12)

where  x; (k) := [x1(k) x2(k) x3(K)]'= %KF)
Under the proposed multi-rate schemg,corresponds to fast mode, and is updated at fast
rate (L/T¢ ), SO

Xgl(k + DTg] = xg(kTg +mTy )
= agXg(kTg + (M-1)T¢ ) + bye(kTs+ (m-1)Ty)
=aglagxg(kTg + (M=2)T¢) + bye(kTg + (M= 2)T¢ )]
+bae(kTg+ (M-1Ty)

= a3xa(KTg + (M= 2)T4 ) + aghye(kT + (M- 2)Ty)
+ bye(KTg +(Mm-1)T;)

= KT + 3 e KT, +iT¢ ) (13)
i=0

xand x, correspond to slow modes, and are updated at slow Ir&xg),( so the input to the

controller is held constant during one slow perfigd.e.

e(kTg) =e(kTg +iT¢)  for i =0,..,md (14)
TUS, itk 1= o)+ S clbelkTy (15)
Xol(k + Tg] = afo(kTy) + " abbye( KTg) (16)

i=0

Furthermore, from state equation (12), we obtain

u(kTg) = (K T) + Xo(k ) + oK) + dge(kTy) (17)



and by noting (KT +iT) =3 (KT) , Xo(KTg +iT¢) = xp(KTY) fori=1, 2, ..., m-1we obtain
u(kTS+in) =X(KT) +X(KT) + X(KT +iT, )+d3e(kTS+in)
= ><1(_kD+><z(k1;)+ai3X3(kD
+;Z:):a;‘1‘jt%e( KT+ JT,) +deKT +T,)

(18)

Sincex; and x, are updated slower thaty, we can introduce a discrete-time lifting technique
to describe the multi-rate controller in terms of the lifegtbr signal (8) and the lifted control
signal (9).

Combining Egs. (15), (16), (13), (17) and (18), and using (8) and (9)anveepresent the
controller as a time-invariant system with the slow update p@tiad follows:

xclk +1] = Acxc[k] + Bg e[k]
ULK] = Cexc[K] + D¢ e[K]

where  x.[k] =[x[K] xo[k] x3[K]]'=x.(kTs), and matricesA.,B.;,C. andD.are as defined in

(10). g

STEP 2) The plant is expressed by an equivalent MIMO single-rate plant imtleedtbmain with

the underlying slow periodsT

The plant described by Eqg. (2) can also be expressed by an equivalent MIMQ@atenglant

given by
x[k+1 = Ax[K+B,U[K (20)
YIK] =CxIKI+DyU[K]
where % [K] = %, (KT;),
yik,0] y(kTs)
Y = yika] — Y(KTs +Ty)

yvik.m-1]| | y(KTs +(m-1T()

A =A", B, =[A™IB, A28, . By], C, = ___1A1 (21)
ClAlm—l



STEP 3) Combining the controller and plant equations from STEP 1 and 2, wenabtgiMO

single-rate representation of the closed loop systelifted form.

From the controller equation (6) and plant equation (20), we obtain the dopesl/btem:

X[k +1] = AX[K] + BT 22)
Y[k] =Cx[k]+Dr

where

r

r

A={ﬁ BYE}—[BVBS‘:}[HDVDC]*[CV nﬁc]},

Bz{B"BSC}[I +,0J 1, C=l +Dof e, Bl
D :[l + DVDC]_lDVDC (23)
Now the multi-rate control system Fig 1 is converted to @uivalent MIMO single-rate

system descried by (22). The lifted system equivalent to thé-ratd short-seeking control

system is shown in Fig. 2.

x,[0]
4L iR Fik)

i~ Controller Flant [~
_T (2 " & r

Fig. 2 Lifted system equivalent to the multi-rate short-seeking caystem

The resulting closed loop system (22) is asymptoticallyiestaecause the multi-rate track
following controller has been designed to stabilize the sysiém error dynamics of the closed
loop system is:

ex[k +1] = Aey[K] (24)

where e, [k] = x[k] - x[»], X{«]=(l - A)1Br (25)



2.3 Initial Value Adjustment of the Multi-rate Controller

After the multi-rate control system is converted to an elguivdIMO single-rate system,
the initial value adjustment of the multi-rate controllen dae formulated as the following

optimization problem.

Problem 1: Consider the multi-rate control system depicted in Fig. therequivalent MIMO

single-rate system descried by equation (22). Find thelindiae of the controllerx[0] that

minimizes performance indek
3= 3 e dkl" Q ekl forQ >0 (26)
k=0

where ¢ [k]is as defined in (25).

Theorem I Theinitial value of the controllex[0] that minimizes performance indéxs:
Xc[0] = K 1 (27)
where K = [FJc‘chJ\,TC IJ(I-A )y's (28)

and P, ,P, are obtained by solving the Lyapunov equation:

T
PVC pCC

ATPA-P=-Q , P ::{ P P"C} (29)

Proof: SinceA is asymptotically stable, (29) has a unique positive definite solutiondnd the
performance index can be transformed to
J =e,[0]" Pey[0] (30)

where
_ [ xv[0]|_ ol = exvl0]
od01= el |1 = i) (31)
It is easy to show thall / 9x.[0] =0 is equivalent to:

0J
ey (0)

=0 (32)

Further, from (30) and (31)
J =€ [0] P e [0] +2€] [0] P e,[0] + €] [0] P e [0] Solvingdd / de, (0) =0, we get



€xc 0 = _Pc_c:L P\I:exv ©) (33)
From (31) and (33), and noting tha§[0] may bélassumed zero for short seeking, we conclude

that J is minimized for x. [0] = K r ,where Kk =[p'P] 1](-A)"B

cc vc

From (27) and (28), we note that thgahvalue of the controllex[0] is determined by,

A, B andP. We further note that is determined by (see E.g. (23)) anB is determined by
andA (see E.q. (29)). Thus, give®, r, A andB, the initial value of the controlleq,[0] can be

computed off-line.

2.4 Design of Performance Index Function

The performance indeX plays an important role in determining the initiwlue of the
controller and thus the seeking performance. Tainbgjood performance in short seeking, the
performance index is based on the squared sumntitie tracking error and smoothness of the
control input for enhanced performance:

J=J+0qd, (34)

where ;= kﬁ([)?(k) “Y@I' YR -Y(@)], I, = égﬁ(k) ~U@)]"U (K -U ()] (35)

andq is a weighting factor.

Lemma 2 The performance indekin (34) can be transformed into the standard cuigdiorm:
3= 3 e,lk1T Q elk]
k=0

where Q=c'c+qq,'Cy, G =(1+DR) DG, Gl (36)
Proof:
From (6), it is easy to show:
UIK] =ColK + D1 el =Cog +0(r- YIK) 37}
By substituting Y[k] =cC,x,[k]+D, U [k] into (37), we get
ULKI=(1 +D;0,) [-D.Cy., GIX{KI +(1 +DeD,) "Der =G {k] + Dyr
where C,=(1+D.D,) [-DC,, G,

10



DO, =(1 +DD,) "D,
Thus, U (k)~U(e) = Cy[x(k) = x(0)] = Cyex (k)
Also,  Y(k) - Y(e) = C[x(K) - x(0)] = C ey ()

Therefore, Q=c'c+qC,'C, O

3. Multi-rate Short Seeking Control with Initial Value Adjustment
for single-actuator HDDs

The demands for larger storage capadinekhigher access speed continue to increase in
the hard disk drive (HDD) industry. To meet thesguirements, the servo bandwidth of the head
positioning system must be increased to rejectdemiange of disturbances such as disk flutter
vibrations, spindle run-out, windage, and extemidration. Dual-stage actuation has been
recognized as a promising candidate to expandeth® dandwidth. The dual-actuator disk file
system consists of two actuators: coarse and fateators. The coarse actuator is of low
bandwidth with a large operating range and it edu®r coarse positioning; the fine actuator is of
high bandwidth with a small operating range and mised for fine positioning. The voice coll
motor (VCM) and piezoelectric transducer (PZT) #me most popular coarse actuator and fine

actuator, respectively.

Dual-stage actuators can improve botiktfallowing and track-seeking performance.
Many research efforts have been devoted to theyulesi dual-actuator servo system [7]-[12].
Several designs for dual stage track-following esrliave been proposed, such as a decoupled
type [7], a parallel type [8], a master-slave typf and a u-synthesis MIMO type [10]. Dual
stage short seeking control can be achieved byalegree-of-freedom (TDOF) servo structure,
in which both the feed-forward controller and refare trajectory need to be designed and
implemented [11]-[12]. To save the real-time conapioh, we also propose a short-seeking
control method based on multi-rate track followamntrol and Initial Value Adjustment for dual-
actuator HDDs. In this section, we will discuss gnieposed method for dual-actuator HDDs in

details.

11



3.1 Overall Control Structure for Dual-stage Short Seeking

Fig. 3 shows a schematic diagram of sheeking control with IVA for dual-actuator
HDDs. Pycy andPpzt represent the dynamics of VCM (low bandwidth atiaand PZT (high
bandwidth actuator), respectively. In this studhe parallel track-following controllers are used
to achieve high-accuracy track following, and CH &2 are, respectively, track following
controllers for the VCM and PZT actuatoi3.and| are the decimator and the interpolator
respectively. The proposed system has the follodeatures:

(1) The overall structure during seeking is a one-degfereedom structure.

(2) Reference input is set to be a step signal fortemk, i.e.r(k)=r for k>0, wherer is
the seeking distance. The output y is sampled pétiod T

(3) The feedback controllers are the same as the naidtitrack following controllers. The
PZT controllerC, is updated at the measurement sampling rate)(While the VCM
controllerC; is updatedn times slower than the measurement sampling rate peiriod
T<=mT; The multi-rate rationis an integer greater than 1.

(4) Nonzero initial values are set to both controlfersshort seeking.

Following similar procedure as single-stagersBeeking , in the following sub-section 3.2,
the multi-rate short seeking control problem isnfatated as an optimization problem by
converting the multi-rate control system depicted=ig. 3 to an equivalent MIMO single-rate
system. Then in sub-section 3.3, the optimal initelues of the controller for the equivalent
MIMO system are sought to minimize the performaimox. Design of performance index for
dual-stage short-seeking is discussed in sub-se8ti

Low Sampling Controller: €, (z)

High Sampling Controller: Cy(z,)
Set Initial Values
Low BW Actuator
6@ H 0 ‘_.| Foend?) Disturbance
Ts +

+ yp
—

i
Colz) H ZOH “" Pomls)

] High BW Actuator
Set Initial Values

Fig.3 Schematic diagram of multi-rate short-seaktrad with IVA for dual-actuator HDDs
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3.2 Representation of the Multi-rate Control System as a Single-rateystem
via Lifting

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

Xy (£) = Aggxy (t) + Boquy () (41)
Yy (1) = Coaxy (t)
and %p(t) = AgXp (1) + Boglip (1) (42)

Yp(t) = CooXp(t)
where x,oo™v,u,andy, are the state vector, control input and output WEM, and

x,00™,up,y, are the state vector, control input and outpuRDHT.
The discrete time equivalents of (41) ang) (#ith measurement sampling peribdcan be
expressed by

x,(k+2) = A, (k) + By, (K) (43)
Y () =Crx (¥

and Xp(k +1) = Apxp (K) + By (K) (44)
Yp(k) = Coxp(K)

where  x,(K) = x, (KT; ) Xp(K) = Xp (KT¢), AL[I[I“%,BLEI[IW,CL ooy, AQDDn‘Z’,BZDan,CZDDlxnp

.Suppose track following controllers havesatty been designed for the dual-actuator HDD,

andC,(2) , C, (z) can be expressed in time domain as following:

Xe(K+D) = Agx,(K) + Bge(K) (45)
U, (K) = CgXy (k) + DgelK)
and Xpc(K +1) = ApXpc(K) + Broe(K) 64

Up(K) =CeoXpe(K) + Deoe(k)

where  x,o() = Xo(KTr ) Xpe(k) = Xpe(KTr),
2 X
Xy 0101 Me | Aq O, By (Ve Gy (2%, 0 010 Xpe 0P , Ap 00", By 0™, G 0™, D 00

Referring to Fig. 3C;is updated m times slower th@. The control system in Fig. 3 cannot be
described in the standard state-space form bedausea time-periodic system. Thus, we
introduce a discrete-time lifting technique to dise the multi-rate system by an equivalent

single-rate system, which may be accomplishederfdliowing four steps.

13



STEP 1) The VCM controller (slow-rate controller) is tréosmed to an equivalent MIMO

controller in the time domain with slow period Ts.

Lemma 3 Under the proposed multi-rate implementation schethie controller described by

Eq.(45) can be represented by a MIMO system i tilmmain as following:

Xk +1] = Akc[K + By e[k] (47)
Uylk] = CycXyclK] + Dy e[K]
where XyelK] = Xy (KTs) (48)

dk],U,[k] are the lifted position error signal and lifted tohsignal of VCM controller:

e[k] =[dk0], gk1].....dk,m=1]]" UK =[w, k0], wK,....u, [k m=1]]" (49)
where dk,i] = e(kTg +iT¢ ), uy[K,i] =uy (KTg +iT¢)

and A, 00vee B, 00V, C, . 00™Ve, D, 00™™ are:
Ca

m m-1 .
Ac=A1 Bec=lZ '%JchL Ol =
=0 Ce1

(50)
Proof:
Under the proposed multi-rate scheme, cdetr@, (z) is updated at slow rate (IJ), so the
input to the controller is held constant during steev periodT, i.e.
e(kTg) =e(kTg +iT¢)  for i =0,...m1 (51)
So,

X8k =, KT +mT)
=AqX KT HM-DTe) +Bqek Ts(m-1Ty)
“Ad X K EH=Ty) +Bgelk THM-ITy)]
+BqeK T +m-DTy)

m Ml i :
= AgXdkTg) + Eo Ag Bye( kTS +iT¢ ) (52)
= AT +'S Ay BTy
]:
Furthermore, from state equation (45),

WD =Cax,dkD +DaekTy (53)

and by noting that the control signal is not updatering one slow period, i.e.u,(kTsHT )=

14



uw(KTy), fori=1,2,..., m-1,we obtain
u(kTg +iT¢ ) = G (K Ts) + Dg(KTy) (54)
Combining Egs. (52), (53), (54), and using (48] é49), we can represent the controller as a

time-invariant system with the slow update perigds described bigq.(47). K

STEP 2) The PZT controller (fast rate controller) is trdoemed to an equivalent MIMO

controller in the time domain with slow period T

By defining the lifted signal ofu, (k) as:
UplK =[up k0L, Uplk0,.... uglk, m-=1]]" (55)
wheraufk,i] =uy (K +iTy ), up(K) =up(KTp)
and using (49), the PZT controller (46) can be eord to an equivalent MIMO controller given
by

Xpalk +1] = ApcXpc[K] + B e[k]

cl ° (56)
U p[k] = Cpcxpc[k] + Dpc e[k]
wherex, [k] = xe(KTs ),

Poc=AB, Bpo=[AS B, A3 2Bro - Beol, Coo=lois’ . (o) o (ColEYT]

STEP 3) The VCM plant and PZT plant are expressed by etgnv MIMO plants in the time

domain with the underlying slow period T

By lifting the signals, y, (k) andy,(k), as
YoIK] =%k 0L, wlkdl...., wlk,m-1]]", Y_p[k] =[yplk Ol yplkd...., yp[k’m_l]]T (57)
where  y[ki]=y, (KTs+iT),  yplkil=yp(KTs+iTy)
and using (49) and (55) , the VCM plant and PZanpkan be expressed by equivalent MIMO
plants given by
X[k +1 = Ax [ +B, Uy [K]
YAk] =Cx[K]+D,Uy K]
Xplk+1] = Apxp[K]+B, U y[K]
Yplk] =Cpxp[k]+ D U [k

(58)

and (59)

where  x[K] =x,(KT), Xp[k] = (KT,

15



STEP 4) Combining the controllers and plants equationsrfrESTEPS 1, 2 and 3, we obtain an

MIMO single-rate representation of the closed Iayptermnin lifted form.

From the controllers equations, (47) and (%6)] plants equations, (58) and (59), and

referring to Fig. 5, we obtain the closed loop eyst

X[k +1] = AX[K] + BT (60)
Y[k] =Cx[k]+Dr

wherex(k] =[x, [K]T, xp[KI T, x,o[KI T, X[kl 71T OO ™ e et e
=0T 00™, Y =Yk, vk ... vk, m=111"
MatricesA, B, CandD can be computed from the system matrices in (88), (58) and (59).
Now the multi-rate control system in Fig. nverted to an equivalent MIMO single-rate
system descried by (60). The lifted system equitate the multi-rate short-seeking control
system is shown in Fig. 4. Notice that the statéhefclosed loop systerjk] can be separated

into two parts: the states of two plamtgk]) and the states of two controllers[K]) :

KT [k
G Il UL It

Uy %] Y[
Grom ﬁj
+

7,1 7,1

Fr
Wy

Fig. 4 Lifted system equivalent to the multi-ratert-seeking control system

The resulting closed loop system (60) is asytigatlly stable because the multi-rate track
following controller has been designed to stabitize system. The error dynamics of the closed
loop system is:

ey[k +1] = Aey[K] (61)

where e, [k] = x[k] - X[w], X[ew]=(l -A)‘Br (62)

16



3.2 Initial Value Adjustment of the Multi-rate Controllers fo r Dual-actuator
HDDs

After the multi-rate control system is convertedato equivalent MIMO single-rate system,
the initial value adjustment of the multi-rate gofiers can be formulated as the following
optimization problem.

Problem 2 Consider the multi-rate control system depictedrim 3 or the equivalent MIMO
single-rate system descried by equation (60). HMimdinitial value of the controllex[0] that

minimizes performance indek
3= 3 e dklT Q ekl forQ >0 (63)
k=0

where g, [K] is as defined in (62).

Theorem 2 Theinitial value of the controllex.[0] that minimizes performance indéxs:
xc[0] = K r (64)
where K =[P;#PL 11(I-A)'B (65)

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

Ton o | P1 R 66
ATPA-P=-Q , P-{Psz o (66)

The proof of Theorem 2 can be referred to thatheforem 1.

From (64) and (65), we see that the initialieadf the controllek.[0] is determined by , A,
B andP. We further note that is determined by andP is determined by) andA. Thus, given,
Q, r, AandB, the initial value of the controlle¢[0] can be computed in advance. Compared with
(27) and (28), it is noted that the initial valUetlze controller for dual-stage seeking has theesam
form as that of single-stage seeking, except thegxa [0] corresponds to the initial value of the
two controllers.In the following section, we will discuss ho@y may be designed for the dual-

stage short seeking.

3.3 Design of Performance Index Function for Dual-stage Short Seeking
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Design |- considering tracking error at sampling points
It is straightforward to evaluate the trackarror at sampling points and consider smoothness
of the output and control input in the performamziex: i.e.
1= 3 le,07 e[+ aue, [T e, K] + a2, (69)

where e [k]=YIK] - Y[eo], &[Kl:=[e,[k+1-e,[K]/Ts;

8

3o = S[0IKI - Uleo]) T [01K] U], O[K] =[UvlkIT, U p[k]"]" (70)
k=0

0: .G, are weighting factors.

Lemma 4: The performance indekin (69) can be transformed into the standard cuigdiorm:
3= 3 eIkl Q eylk]
k=0

where Q=Cc'Cc+qC4'Cq +q,C,"Cy

AL, [y [~ Dy~ DyeCp. Gy O (71)
Cy=C T G = +[DPJ[DV pr {— DpcCys = DpcCp 0.Cpe

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

Design methodl only evaluates the tracking error at the samglis¢ants. However, the plant
is a continuous-time system, and it is natural talate the continuous-time signals directly.
Especially in dual-stage servos, inter-samplinglépmay take place if the second actuator has
mechanical resonance modes at high frequenciesndeyampling frequency, which can be
excited by the control input. To incorporate theeirsampling errors, we modify J in (69) as

follows:
3 = Tey (t)2 + ey (1) 2Jdt + g, (72)
0

where e () =y(t)-y(«), Juis as defined in (70).

To evaluate (72), the pieces of the contigttime stateq(t) ande(t) are introduced as:
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Xk[k,i.](v) = Xk (kTS +i.Tf +V) ' VD[O,Tf] (73)
ek [k, i](v) =ex (KTg +iT¢ +V)

where e, (t) = x(t) - x() = [ek (O (t)TIr

Lemma 5 g]k,i](V) is a function of error-vectag, [K] as:

e [K.il(V) = He AVSiey[k], vO[0,T¢] (74)
Wherg{éms },A()l:|:'§)l (5;01} + Aoy :ﬁ)oz goz}
02

sy In,.O [15,.0] O
S :|:S :ix Onpxnv'lnplonpx(nvc’rnpc) TH= O,[lnp,O]

; i-1 .
A]I_, On\/an ' Z()Af B_I_! Q\,xm
j=
ler\,: anp v da (Ixm)» Obm

' 44 =0...0,1,0,.0

—_

i i+l 2

Si=

. _{onpxnv A Opoxm [AS'B2A5?B,,., BZ'OMOT
pi =

Owxn, Own, Omxm i1 (1xm)

The proof is omitted here.

Noting that >{Ki](V)=yv[Ki](V)+yp[Ki](V)=CbNKi](V)+C02<p[Ki](V)=fb>ﬁ<[Ki](V), Co=[Co1 Col
Yk, 11(v) = yfeo] = Coeg[k,i](V) (75)
and using Lemma 5 , we obtain

0

o m-1 Tf
Jp=[ey(®%dt =% 3 { [[ylk,i](v) - y[e]]dv}
0 k=0i=0 0o

© m-— Tt

= 3 TN el [k i1(v)Qeexk. i1V v}
k=0i=0 0
o m-1 —T T o1 A _

=Y ¥ {ex[KIS; (] e”V(HTQcH)e™ Vdv)Sie,[kl}
k=0i=0 0

=¥ r_“_l{el[k]?écs_iex[k]} = 3 ekl Queylk]
k=0i=0 k=0

T . s
where o _"%'gTg 5 Q= [ AVHTQ HEA aw @ =C16,
i=0 0
Thus, we conclude that the performance intéx (72) can also be transformed into the

standard quadratic form as: 5 e, (k] Qe,[k] -
k=0
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4. Simulations and Experiments

In this section, the proposed method is applied t6DD and evaluated by simulations and

experiments.

4.1 Experimental Setup

Figure 5(a) shows an experiment setup which indwd8.5” HDD, a digital signal processor
(TI TMS230C67X DSP), and a laser Doppler vibromeftmr measuring the position of the
read/write head. All the digital controllers arepiemented on the DSP using C codes. The
sampling rate is 50kHz, and the multi-rate ratics set to 2. Fig. 5(b) shows the HDD with voice
coil motor (VCM) as a first-stage actuator andezpielectric transducer (PZT) as a second-stage
actuator. The frequency responses of VCM and PZAmtphodels are shown in Fig. 5(c). Notice

that they have resonance modes at high frequencies.

Laser Doppler Vibrometer Hard Disk Dyive

Feadfwrrite head PET

Disk

VTV

Fig. 5(b) Dual-actuator Hard Disk Drive
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Fig. 5(c) Frequency responses of VCM and PZT plants

4.2 Simulations

4.2.1 Simulations Results - Short-Seeking with IVA for single-actuator
HDDs

Here the simulations are performed on single-aotudDD, which means we only use the
first actuator VCM as plant. Simulation resultsomie-track seeking using proposed method for

single-actuator HDD are shown in Fig. 6. The tradich is 1um. The solid line shows the
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response of the proposed method and the dashedhowes the response of the output without
initial value adjustment of the controller. Fronistligure, we can see that a fast and smooth

response in short seeking can be achieved bylin#tiae adjustment of the controller.

Figure 7 indicates how the transient charactesistiay be shaped by different weighting
factorsq in the performance index. The upper figure shdvesread/write head position and the
lower figure shows the control input. We can obedrom figure 7 that smaller weighting factor
g (g=400 which allows for larger control input gives fasspense but may lead to overshoot of
head position, and larger weighting factpq=40000Q which penalizes more on fluctuation of
control input in the performance index gives smeotiut much slower response. As a result, we
can tune the weighting factar to achieve desired step-responses taking intouatchoth

smoothness and settling time. Here we choadsebe 4000.

— with IVA
215l — — - without IVA ||
g [
%, [
[ "
= \ - —
g 1 ’\ L A ==
A
§ osl// 1
- 1
1
O / L L L L L L Tlme(s)
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Fig. 6 Simulation result of 1-track seeking withtlvaut IVA of the multi-rate controller for

single-actuator HDDs

15
)
-
2 J
g /
051 - —- g=400
g ) —— =4000
T f =
7 —— 040000 | 1oy

0 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Fig. 7 (a) Simulation result of 1-track seek fdfetient weighting factor g in performance index

for single-actuator HDDs
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- - - g=400
1t —— g=4000
] —— g=40000
E
1 Time(s)
0.2 . . . . . .
6.0 0.001 0.002 0.003 0.004 0.005  0.006 0.007

Fig. 7 (b): Control input of 1-track seeking foffdrent weighting factor q in performance index

for single-actuator HDDs

Figure7(a): head position; figure 7(b): controlubfor the first 7 ms), dotted line: q=400; lighte:
g=4000; dark line: g=40000

4.2.2 Simulation Results - Short-Seeking Control with IVA for Dual-
actuator HDDs

Here the simulations are performed on dual-actuatbiD, which means we use both
actuators.

Figure 8 shows the response of the output withaitil value adjustment of the controllers
for 1-track seeking. The dark line shows the heagition, the light line and dotted line are VCM
and PZT position respectively. Simulation resuftd-drack seeking using proposed method are

shown in Fig. 9. From Fig. 9, we can see that adad smooth response in short seeking can be

achieved by initial value adjustment of the corérsl.

1.5

VCM position
- — - PZT position
—— Head position

Position (track)

_05 1 1 1 1 1 1 1 1 1 Tlme (S)
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Fig. 8 1-track seeking without IVA for dual-actaatiDDs
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It could be noted from Fig. 9 that the dual-stageksg control greatly improves the

responses. It takes about 0.3 ms to move the loethe desired track so that the head can read or

write data on the data track. The PZT actuatot fineves towards the target track, and then

returns to its stroke center to cancel out the mmarg of the VCM actuator after the head is on

track. We can see PZT is within its stroke linfiig 9 (c) compares the performanceDafsign |

andDesign Il,which confirms that inter-sampling ripple is de@ea usindoesign Il

1.5

Position (track)
o
2 -
T T
;
¢

VCM position
— — PZT position -
—— Head position

. . . . . . . . . Time (s)
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

@

-
o

VCM position
PZT position |4
Head position

o
\

|

|

|

Position (track)
o
o -
W
5

Time (s)
. . . . . . . . .
0  0.001 0.002 0.008 0.004 0.005 0.006 0.007 0.008 0.009 0.01

(b)

o
o

Design |
1.1+ —— Design Il |4

0.9 B
Time (s)

0 0.5 1 1.5 2 2.5 3 3.5 4

(c)

Head Position (track)
[

Fig. 9 1-track seeking with IVA for dual-actuator HDDs
(a) Design I; (b) Design It

(c) Head position around target track, dark libesign It light line: Design I.

4.3 Experiments
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4.3.1 Experimental Results - Short-seeking control with IVA for single
actuator HDDs

The experimental result of 1-track seeking usirg phoposed methoa£4000) for single-
actuator HDD is shown in Fig. 10. We can see thatexperiment result matches the simulation

results very well, and performance is very gooduFé 11 is a zoom-in version of Fig. 10.
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Head positon(track)

0 I I I I I I Time(s)
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Fig. 10 Experimental result of 1-track seek ushmegyproposed method for single-actuator HDD

1.05

0.95}

Head positon(track)

0.9 Time(s)

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Fig. 11Experimental result of 1-track seeking using theppsed method for single-actuator HDD

(zoom-in version of Fig. 10)

4.3.2 Experimental Results -Short-seeking with IVA for dual-actiator
HDDs

The experimental result of 1-track seeking usirgptoposed method for dual-actuator HDD
is shown in Fig. 12. Fig. 13 is a zoom-in versidnF@m. 12. We can see the performance is

excellent: 10% settling time is only 0.3 ms, arddd PES after settling is only 1.9% of the track
pitch.
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Table | summarizes the experimental results foh beihgle-actuator seeking and dual-
actuator seeking. We can see the performance bfdastes are very good, and under proposed
scheme, dual-actuator seeking outperforms sindgleatar seeking by reducing settling time by

about 76.2% and decreasing ®f PES by about 26.9%.

Error!

ih

E
%

Head position (Trad)

1 1 1 1 L 1 1 1 1

0001 000z 0003 0004 0005 0006 0007 0008 0009
Time (5]

Fig. 12 Experimental result of 1-track seek ushgproposed method for dual-actuator HDDs

105 T T T T T T T T T

Head position (Track)

|:| 1 1 1 1 1 1 1 1 1
0001 0002 0003 0004 0005 0006 0007 0008 0009
Time (=)

Fig. 13 Experimental result of 1-track seek ushgproposed method dual-actuator HDDs

(zoom-in version of Fig. 12)

TABLE |
Short-seeking performance using the proposed rdetho

(Experimental Results)

Experiment Results Single Dual actuator
actuator seek seek
10% Settling Time (ms) 1.26 0.30
3o of PES after settling (Track)  0.026 0.019
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5 Conclusions

In this report, we have proposed a short seekimgraiobased on multi-rate track-following
controller and initial value adjustment for reducedl time computation. The multi-rate short
seeking control problem was formulated as an opétion problem by converting the multi-rate
control system to an equivalent MIMO single-rateteyn and finding the optimal initial values of
the controller for the equivalent MIMO system.

The proposed method has been applied to both simglator HDDs and dual-actuator
HDDs. By incorporating the inter-sampling error ahe smoothness of the control input and
output in the performance index, initial value atljoent of the feedback controllers can achieve
smooth and fast short seeking in both cases.

Simulation and experimental results confirmed #ratexcellent short-seeking performance
can be achieved with a small amount of real timapttation using the proposed methods, and
that under proposed scheme, the dual-actuatormsysts better short seek performance than the

single-actuator seek system.
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