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Abstract— This paper is concerned with multi-rate short-
seeking control for a dual-actuator hard disk drive (HDD).
Multi-rate control has been proposed to reduce the real time
computation in HDD servos, and it has been shown that in
track following control of HDDs, computation can be saved
greatly without performance degradation by using multi-rate
controllers. In this paper, we propose a novel short-seeking
control method for dual-actuator HDDs based on multi-rate
track following control and initial value adjustment. This
method, which utilizes the same multi-rate controllers and
same servo structure as track following, adjusts the initial
values of the track-following controller for short seeking.
Real time computation is greatly saved in two ways: (1)
computation is saved by multi-rate scheme; (2) initial value
adjustment of the feedback controller makes the use of the
feedforward controller and reference trajectory unnecessary,
which implies no real time computation for feedforward
control is needed. Simulation and experimental results verify
the effectiveness of the proposed method.

Keywords—Multi-rate control, Short seeking, Dual stage
actuation, Hard disk drives

I. INTRODUCTION

he demands for larger storage capacities and higher

access speed continue to increase in the hard disk drive
(HDD) industry. To meet these requirements, the servo
bandwidth of the head positioning system must be
increased to reject a wider range of disturbances such as
disk flutter vibrations, spindle run-out, windage, and
external vibration. Dual-stage actuation has been
recognized as a promising candidate to expand the servo
bandwidth. The dual-actuator disk file system consists of
two actuators: coarse and fine actuators. The coarse
actuator is of low bandwidth with a large operating range
and it is used for coarse positioning; the fine actuator is of
high bandwidth with a small operating range and it is used
for fine positioning. The voice coil motor (VCM) and
piezoelectric transducer (PZT) are the most popular coarse
actuator and fine actuator, respectively. Dual-stage
actuators can improve both track-following and track-

seeking performance. Many research efforts have been
devoted to the design of dual-actuator servo system [1]-[7].
Several designs for dual stage track-following servos have
been proposed, such as a decoupled type [1], a parallel
type [2], a master-slave type [3], a u-synthesis MIMO type
[4], and PQ method [5]. Dual stage short seeking control
can be achieved by a two-degree-of-freedom (TDOF)
servo structure, in which both the feed-forward controller
and reference trajectory need to be designed and
implemented [6]-[7].

The HDD industry strives for lowering cost and the
control algorithm must be implemented on a low end DSP,
which may be performing various other tasks. Thus, the
amount of computation for real time control is a major
concern. Recently, multi-rate control has been proposed to
reduce the real time computation in HDD servo systems
[8], [9]. Multi-rate scheme reduces real time computation
by updating different components of the controller at
different rates. In dual-stage servo system, the controller
for the low bandwidth actuator (VCM) can be updated less
frequently than the controller for the high bandwidth
actuator (PZT) to reduce the computation load. It has been
shown that this scheme greatly saves computation without
performance degradation in the implementation of the
track following controller for dual-actuator HDDs [9].

If a standard two-degree-of-freedom (TDOF) method
is applied to dual-stage short seek control, the feedforward
control term will increase the amount of real time
computation relative to track following control. In this
paper, we propose a novel method for dual-stage short
seeking control based on multi-rate track following control
[9] and initial value adjustment (IVA). This method, which
uses the same multi-rate controller and same servo
structure as track following, tunes the initial values of the
track-following controller for short seeking. The proposed
method significantly saves real time computation in two
ways: first, multi-rate scheme inherently saves
computation by updating the controller for the low
bandwidth actuator at a slow rate; second, by tuning the
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initial values of the feedback controllers, the desired
transient characteristics in short-seek can be obtained
without the use of feed-forward controller and reference
trajectory, which implies no real time computation for
feed-forward control is needed.

The remainder of this paper is organized as follows. In
Section II, the multi-rate short seeking control with IVA is
proposed. In Section III, the proposed method is applied to
a dual-actuator HDD, and simulation and experiment
results are given. Conclusions are given in Section I'V.

II. MULTI-RATE SHORT SEEKING CONTROL
WITH INITIAL VALUE ADJUSTMENT

Figure 1 shows a schematic diagram of short seeking
control with IVA for dual-actuator HDDs. Pycy and Ppzr
represent the dynamics of VCM (low bandwidth actuator)
and PZT (high bandwidth actuator), respectively. In this
study, the parallel track-following controllers are used to
achieve high-accuracy track following, and C; and C; are,
respectively, track following controllers for the VCM and
PZT actuators. D is the decimator. The proposed system
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 for short
seek, i.e., r(k)=r for k>0, where r is the seeking
distance. The output y is sampled with period Ty

(3) The feedback controllers are the same as the multi-rate
track following controllers. The PZT controller C, is
updated at the measurement sampling rate (1/T)),
while the VCM controller C; is updated m times
slower than the measurement sampling rate with
period T,=mT; The multi-rate ratio m is an integer
greater than 1.

(4) Nonzero initial values are set to both controllers for
short seeking.

Low sampling controller: C;
High sampling controller: Cy

Set Initial Values
Low BW Actuator

L
Cilzy |"‘ ZOH |*| Pends) Disturbance
Ref=r , ¢ Ts Frgr 4+ ¥
e . R "
| T G |+ 2oH |+ Pon(®) |
i

High BW Actuator

Set Initial Values

Fig.1 Multi-rate short-seek control with IVA for dual-actuator HDDs

Notice that the adjustment of the initial values of the
controllers improves the transient response without
changing closed-loop characteristics such as stability and
sensitivity. Since we already have the design methodology
for multi-rate track following controllers [8], [9], finding
the initial values of the multi-rate controllers becomes the
main issue. A methodology on how to find the optimal
initial values of the dual-stage multi-rate controllers is
presented in this paper. In the following sub-section B, the
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multi-rate control system depicted in Fig. 1 is converted to
an equivalent MIMO single-rate system. Then in sub-
section C, IVA is formulated as an optimization problem
by finding the optimal initial states of the controller for the
equivalent MIMO system to minimize the performance
index based on the tracking error. Design of performance
index for short-seeking is discussed in sub-section D. Sub-
section E discusses the real-time computation efforts of the
proposed method.

A. Representation of the Multi-rate Control System as a
Single-rate system via Lifting

Assume that the dynamic models of VCM plant and
PZT plant in continuous time are
)'cv (t) = Alev (t) + BO]MV (t)
Yy (1= Clev )
and X, (1) = Agpx, (1) + Boou (1) 2)
yp(t) = Coz.xp(t)

where x, e %", u,and y, are the state vector, control input

ey

and output of VCM, and x,€ R"?, u,and y, are the state

vector, control input and output of PZT.

The discrete time equivalents of (1) and (2) with

measurement sampling period 7y can be expressed by
x, (k +1) = Ayx, (k) + Byu,, (k)

(&)
yv(k) = Clxv (k)
and x, (k+1)=Ayx,, (k) + Byu, (k) @
yp (k) =C2xp (k)
where  x, (k)= x, (kT),x, (k) = x, (kT}),

Ale%'&,Blef)i'LV,CleEK]m" ,AZGQJ(’%,BZEEKTP,CZGERIMP
Suppose track following controllers have already been
designed to meet performance specifications for the dual-
actuator HDD, so that the closed loop system is stable
and steady state error is zero. And C;(z) and C, (z) can
be expressed in time domain as follows:

X,o(k+1) = A, x,.(k)+Be(k)
u, (k) = Cqx,.(k)+ D, e(k)
and Xpelk+1)=Axp (k) + Boe(k) ©6)
up(k)=Cepxpc(k) + Dpe(k)
Xye (k) = x,c (kT y ), X e (k) = x e (KT f ),

&)

where
2
Xye € R e s Ad EEKIVC,BCI EEKIVC, Ccl ngbﬂvc,Dd eR

2
nye . . .
Xpe€ R ,Aczei)?n’",Bcze‘)(l”L,CdeEKMP‘,D&eEK .

Referring to Fig. 1, C;is updated m times slower than
C,. The control system in Fig. 1 cannot be described in the
standard state-space form because it is a time-periodic
system. Thus, we introduce a discrete-time lifting
technique to describe the multi-rate system by an
equivalent single-rate system, which may be accomplished
in the following four steps.



STEP 1) The VCM controller (slow-rate controller) is
transformed to an equivalent MIMO controller in the time
domain with slow period T;.

Lemma 1: Under the proposed multi-rate implementation
scheme, the controller described by (5) can be represented
by a MIMO system in time domain as follows:

Xpelk +11 = Aox, [k]+ B, e [k]
U,lk] =C,.x,.[k]1+ D, e[k]
Xypelk]= X, (kT) ®)

E[k],iv[k] are the lifted position error signal and lifted

)

where

control signal of the VCM controller:
e [k]=[e[k,01, e[k,1,..., e[k, m = 111"

U, k1= [u, [k.01, w,[k1,..., u, [k, m—11]7 )
where e[k, i]=e(kT, +iTy)u,[k.il:=u, (KT, +iT;)

and A, eR"e B e R C, e R™Me, D, e R™M are:

-1 Caq D, O
m j .
Ay = Acls By :['ZO Acchlv 0] C=|: ,D,.=|....
Jj=
Ccl Dcl o
(10)

Proof: Under the proposed multi-rate scheme, controller
C; (z) is updated at slow rate (1/ Ty), so the input to the
controller is held constant during one slow period T, i.e.

e(KTy) = e(KTy +iTp)  for i=0l,..m-1 (11)

SO. Lk + DTy = 2, (KT +mT )
= A %, KTy + m=DT7) + By oK+ m—1T)
= A A3, (KT, +(n=20T )+ BgelkT; +(m=20Ty)]
+BelkT, +(n=1)Ty)

m—1 .
= A, (KT, g (KT, +iT
AT+ X AT KT, +1Tp) (12)

= A KT)+'S A Bae(kT,)
Jj=0
Furthermore, from state equation (5),

Uy (kT,) = Cyx,o(KT,) + D,1e(kT ) (13)
and by noting that the control signal is not updated during
one slow period Ty, i.e. u,(kT+iTyp)= u,(kTy), for i=1,2,...,
m-1, we obtain kT, +iT;)=Cx, (kT +DyelkT,) (14)

Combining Egs. (12), (13), (14), and using (8) and (9),
we can represent the controller as a time-invariant system
with the slow update period T as described by (7). O

STEP 2) The PZT controller (fast rate controller) is
transformed to an equivalent MIMO controller in the time
domain with slow period T.

By defining the lifted signal of u,(k) as:
U k1= [, [k 01, [k 1),....0, [k m—1] (15)

where oy [ki)=u, (T +iTp), (k) =u,(KT;)

and using (9), the PZT controller (6) can be converted to
an equivalent MIMO controller given by

xpi[k+1]:Apcxpc[k]+chf[k] (16)
Uplk] = Cpcxpc[k]-FDpc elk]

X pelkl=xpc (KT ),

Apc = Agé? ch :[Ac”é_ch% Ac”é_ch% Bl

T T —1\T
CpL':[CL'Z ) (CCZACZ) LR (CC2AL"7§ ) JT

where

STEP 3) The VCM plant and PZT plant are expressed by
equivalent MIMO plants in the time domain with the
underlying slow period T,.

By lifting the signals, y,(k) and y, (k), as
YK =500, 3ylkl.e.., y, k=111,
Y, [k1= [y [k01, yplk11.....y [k, m =111 (17)
Wlkil=y, KT +iTp), v, [k il=y, (KT, +iTy)
and using (9) and (15) , the VCM plant and PZT plant can
be expressed by equivalent MIMO plants given by
xv&-kl]:Avxv[k]-FBv UL[k] (18)
Y,[k] =C,x,[k]+D, U, [k]

where

x,[k+11=A,x,[k]+B, U ,[k]

and - _r (19)
Y,[k] =C,x,[k]+ D, U ,[k]
where x, (k)= x, (KT ), x [kl=x, (KT ),

A =A" B =[A"B, A"2B,, ...B], C,=ICT.(GA) ... GAT T
A=A B, =[A"'By, A8y, . By).C, =[G (o) . (CrAS T

STEP 4) Combining the controllers and plants equations
from STEPS 1, 2 and 3, we obtain an MIMO single-rate
representation of the closed loop system in lifted form.

From the controllers equations, (7) and (16), and
plants equations, (18) and (19), and referring to Fig. 2, we
obtain the closed loop system:

x[k +1] = Ax[k]+ B_? (20)
Y[k] =Cx[k]+ D r

where k] F[xv[k]T, x,,[k]T, XW[k]T,xm[k]T]TE 9€1V+np+nw+np C

F=lrrerll € R™, Y = [yk,00, yik.1,..., yik,m =111

Matrices A, B, C and D can be computed from the system
matrices in (7), (16), (18) and (19).

[EAL|
Cvem H Prent
+
Cont |—m] Pom =
* |U;,[fc] =1 rm

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

L)

¥
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Now the multi-rate control system in Fig. 1 is
converted to an equivalent MIMO single-rate system
descried by (20). The lifted system equivalent to the multi-
rate short-seeking control system is shown in Fig. 2.
Notice that the state of the closed loop system x[k] can be
separated into two parts: the states of two plants (x;[k]) and
the states of two controllers ( x.[k]) :

e x,[k] e Xyelk]
xglk]= xp k1| x[k]= X elk]

The resulting closed-loop system (20) is asymptotically
stable because the multi-rate track following controller has
been designed to stabilize the system. The steady state of
(20) is obtained by: x[e]=(I—A)"'Br , and the error
dynamics of the closed loop system is:

exlk+11= Ae ([k] (21)

where e [k]=x[k]-x[eo], x[eo]=(I—-A)"'Br (22)

B. Initial Value Adjustment of the Multi-rate Controllers

After the multi-rate control system is converted to an

equivalent MIMO single-rate system, the initial value
adjustment of the multi-rate controllers can be formulated
as the following optimization problem.
Problem: Consider the multi-rate control system depicted
in Fig. 1 or the equivalent MIMO single-rate system
descried by equation (20). Find the initial value of the
controller x.[0] that minimizes performance index J:

=3 e k" Qe lkl, for Q>0 (23)
k=0
where e, [k] is as defined in (22).

Theorem: The initial value of the controller x.[0] that
minimizes performance index J is:

x[01=K r (24)
K =[Py'P5 1(1-A)'B (25)

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

where

R R
Tpa_ p_ i 12 26
ATPA-P=—0 P_.[PIT2 sz (26)

Proof:
Since A is asymptotically stable, (26) has a unique positive
definite solution P>0, and J can be transformed to:

J =e,[0]T Pe,[0]
. x[0] (0]
SINCe ¢ [0]=x{0]—x{oo] = LC [0]} —afoo] = LC[OJ 27
So,  J =e¢f [0] B e, [0]+2¢f [0] Rae [0]+e] [0] Prye.[0]
It is easy to show that 9J/0x.[0]=0 is equivalent to
A/ /0e,[0]=0. Solving aJ/de.[0]=0, we get
ec[01=—P3' Ph e, [0] (28)

From (27) and (28), and noting that x; [0] may be assumed
zero for 1-track seek, we conclude that J is minimized for

x.[01=K r, where K=[P»,"'P,,", IlU-A)'B

From (24) and (25), we see that the initial value of the
controller x.. [0] is determined by r, A, Band P. We further
note that r is determined by r and P is determined by Q
and A. Thus, given, Q, r, A and B, the initial value of the
controller x. [0] can be computed off-line. In the following
section, we will discuss how Q may be designed.

C. Design of Performance Index Function

The performance index J plays an important role in
determining the initial value of the controller and thus the
short-seeking performance.

Design I- considering tracking error at sampling point

It is straightforward to evaluate the tracking error at
sampling points and consider smoothness of the output and
control input in the performance index: i.e.

J= 3 ley kT ey lk1+ qré (K17 é [K11+ 4,7, (29)
k=0 i i
where e, [k]1=Y[k]-Y[eo], éy[k]=[ey[k+1]—e,[k])/T;
Ju = SR~ Ule=Il (UK~ Ule=ll, Utk1=06kT, Uikl (30)

k=0
and g, g, are weighting factors.

Lemma 2: The performance index J in (29) can be
transformed into the standard quadratic form:

J=3 e k1" Qe,lkl]
k=0

where o=c"c+qc,"ci+q,¢,7C,>

= ¢+ 2 b, D, ) PTG G 01 (31)
T, D, -D,.C,,=D)Cp.0,Cpp

The proof is omitted due to the space limitation.

Design II- considering the inter-sampling behaviors

Design method I only evaluates the tracking error at the
sampling instants. However, the plant is a continuous-time
system, and it is natural to evaluate the continuous-time
signals directly. Especially in dual-stage servos, inter-
sampling ripple may take place if the second actuator has
mechanical resonance modes at high frequencies beyond
sampling frequency, which can be excited by the control
input. To incorporate the inter-sampling errors, we modify
Jin (29) as follows:

7= Tley (0 + qiéy (0P Mt + g1, (32)
0

where ey (1)=y(t)~ y(), J,is as defined in (30).

To evaluate (32), the pieces of the continuous-time
state x; () and e (¢) are introduced as:
X[k, i1v) = x; (kT + in +v)

eplk, (1) =ep (kTy +iTy +v)

e (1) =x(1) — x(oo) =[e; ) e () 1"

. vel0.7/] (33)

where
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Lemma 3: ¢, [k {](v) is a function of error-vector e, [k] as
follows:

e, lk.il(v) = He *" S;e [k], ve[0,T;] (34)
where

. [a A Ao Bor | » Ay B
A_{Aol f) }AOI:{O o vAgy = o o
O Ay
1
— [s, "y |t
S; = s X Onpxnvalnp»Onpx(nvc+npc) “lo, [Inp’o]

. i-1 .
A, O 2AB, O
§.= X, j:0A1 n,Xm

Vi

Oban,» Obn,> 4t (xmp Oxam

S |:0np><nv AL Oy 145 ByALB, BZ,OMO]}

pi

lenv len,, lem AHI (Ixm)

The proof is omitted due to the space limitation.

Noting that
Mk, 110) = ylk, l10)+ y, &, 110) = Gy [k, 110) + G [k, 110)

:C‘Oxk[k,i](v), 6’0=[C01 Cool

Yk, i10v) = yleo] = Coey [k, i1(v) (35)
and using Lemma 3 , we obtain
[ o m—1 Tf
Ji=le,%dt =3 % {]lylk.il(v) — yleolldv}
0 k=0i=0 0

o m—1 Tf T
=X X {[ ey [k,il)Q e[k, il(v)dv}

k=0i=0 0

M8

e Ty AT T A —
; > {ey[k1S; ([ e V(H Q.H)e vdv)S,-eX[k]}
i= 0

0

<

1

m

I M8

(e [K1S; O, Sie lkl} = S e (k1T Qe [k]
k=0

k=0 i=0

m— ~ I . AT A
where , _"5'576 5,00 = [ "M T Q et v 0.=Gi Gy
i=0 0
Thus, we conclude that the performance index J in
(32) can also be transformed into the standard quadratic

formas: j — E ex[k]TQex[k]'
k=0

E. Real Time Computation Efforts

The proposed method significantly saves real time
computation by ODOF servo structure and multi-rate
scheme. And as is known, the TDOF short seeking control
increases the real time computation because feed-forward
control is introduced to shape the transient response. In the
proposed method, the desired transient characteristics in
short-seeking can be obtained by tuning the initial values
of the feedback controllers. So, ODOF structure is
retained, which means no real time computation for feed-
forward control is needed. Furthermore, computation is
saved by multi-rate scheme, because the VCM controller
is updated at a slow rate.

III. SIMULATION AND EXPERIMENT

In this section, the proposed method is applied to a dual
actuator HDD and evaluated by simulations and
experiments.

A. Experimental Setup

Figure 3 shows an experiment setup which includes a
3.5” HDD, a digital signal processor (TT TMS230C67X
DSP), and a laser Doppler vibrometer for measuring the
position of the read/write head. All the digital controllers
are implemented on the DSP using C codes. The sampling
rate is 50kHz, and the multi-rate ratio m is set to 2. Fig. 4
shows the HDD with a VCM as a first-stage actuator and a
PZT as a second-stage actuator. The frequency responses
of VCM and PZT plant models are shown in Fig. 5. Notice
that they have resonance modes at high frequencies.

Hard Disk

DSP
Fig. 3 Experiment Setup

Fig. 4 Dual-actuator HDD

Magnitude (d8)
Magnitude (dB)

Phase (deg)
Phase (deg)

Frequency (ad'sec) Frequeney (adsec)

Fig. 5 Frequency responses of VCM and PZT plants
B. Simulation Results

The track following controllers for VCM (C;) and
PZT (C) are designed to be a lead-lag compensator and a
lead-lag compensator with two notch filters, respectively.
Fig. 6 shows the response of the output without initial
value adjustment of the controllers for 1-track seeking. The
track pitch is 1 gm. The dark line shows the head position,
the light line and dotted line are VCM and PZT position
respectively. Simulation results of 1-track seeking using
proposed method are shown in Fig. 7. From Fig. 7, we can
see that a fast and smooth response in short seeking can be
achieved by initial value adjustment of the controllers. The
design parameters, q; and gq,, are set to the following
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values after some trial and errors: ¢;=0.09 and ¢,=0.005.

It could be noted from Fig. 7 that the dual-stage
seeking control greatly improves the responses. It takes
about 0.3 ms to move the head to the desired track so that
the head can read or write data on the data track. The PZT
actuator first moves towards the target, and then returns to
its stroke center to cancel out the movement of the VCM
actuator after the head is on track. Fig. 7(c) compares the
performance of Design I and Design II, which confirms
that inter-sampling ripples are decreased using Design 1.

C. Experimental results

A representative experimental result of 1-track seeking
using the proposed method (Design II) is shown in Fig. 8.
Fig. 9 is a zoom-in version of Fig. 8. Table I summarizes
the experimental short seeking performance, and we can
see the performance is excellent: the settling time is 0.3ms
and 3o of PES after settling is 1.98% of the track pitch.

1.5

1

VCM position
0.5 — — PZT position
—— Head position

Position (track)

ol e o e

Time (s)

0.5 L L L L L L L L L
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Fig. 6 1-track seeking without IVA for dual-actuator HDDs
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Fig. 7 1-track seek with IVA for dual-actuator HDDs
(a) Design I; (b) Design II; (c) Head position around target track.
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Fig. 8 Experimental result of 1-track seeking using the proposed method
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Fig. 9 Experimental result of 1-track seeking (zoom-in version of Fig. 8)

TABLE 1
EXPERIMENTAL SHORT-SEEKING PERFORMANCE (DESIGN II)
Performance Measures Data
10% Settling Time (ms) 0.30

36 of PES after settling (Track) 0.0198

IV. CONCLUSIONS

This paper has proposed a short seeking control for
dual-actuator HDD based on IVA of the multi-rate track-
following controller for reduced real time computation.
The multi-rate short seeking control problem was
formulated as an optimization problem by converting the
multi-rate control system to an equivalent MIMO single-
rate system and finding the optimal initial values of the
controller for the equivalent MIMO system. By
incorporating the inter-sampling error and the smoothness
of the control input in the performance index, IVA of the
multi-rate track-following controller achieves smooth and
fast short seeking with a small computation load.
Simulation and experimental results confirmed the
effectiveness of the proposed method.
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