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ABSTRACT

Two-degree-of-freedom (2DOF) control is a popular method for shekirsy control of
hard disk drive, which requires design and implementation oferefe trajectory and
feed-forward controllers. In this report, a new feed-forwardrobdesign method based
on optimization technique is proposed for short seeking controHBDs. The
feedforward control input is of finite time steps and iscculted to minimize a cost
function defined by position error, control efforts, and jerk. The pexgharethod
achieves smooth and fast short seeking by the optimal finitefesteiforward control
without using reference trajectories, which also implies thalt trme computation and
memories can be saved in its implementation. The design exampiiened that an
excellent short-seeking performance is achieved with a samatlunt of real time

computation using the proposed method.

Keywords: Short seeking, Feed-forward control, Two-degree-of-freedom (2DOF)
control, Hard disk drives (HDDs)



1 Introduction

The hard disk drive (HDD) industry continues to strive for iasesl storage densities and

reduced data access times. This demands performance improverhénéshead positioning

system in terms of fast movement and precise positioning. For this reaggmifieagit amount of

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

In general, the servo systems of HDDs have two major tasksis track following and the

other is track seeking. Track following maintains the reatévréad on the center of a specified

track as precisely as possible. In track following, it is irgurto regulate the tracking error

against various disturbances. Track seeking moves the heath&gresent track to a target track

as quickly as possible. In track seeking, near time-optiovgtral is generally used, especially for

long span seeking: e.g. proximate time optimal servomechanis®@SP[L]-[3]. The read/write

head follows such an optimal trajectory to move toward the taaget.  As the head comes close

to the target track, the controller switches from the seedte to the settling mode, and finally to

the track-following mode. However, for short-span seeking, it issneffiective to use unified

control schemes, in which track seeking and track followorgrol can be simultaneously applied.

A popular scheme for short seeking is based on a two-degreeedbfne(2DOF) servo structure



[4]-[7]. Typically, the track following controller is used in t¥®OF servomechanism as the

feedback controller, and the feedforward controller is tuwoedrding to the closed loop dynamics

along with the design of the reference trajectory. The zero pérase tracking (ZPET) [8]

technique can be utilized to design the feedforward contralhel minimal jerk trajectory [9]-[10]

is a popular reference generation method for short seeking/settling control dfidésk

In this report, we proposed a novel feed-forward control desaghod based on optimization

technique for short seeking control of HDDs. In this methoel féledforward control input is of

finite time steps and is calculated to minimize a costtfanc By incorporating the tracking error,

smoothness of head position, control efforts and jerk of the feaaufd control input in the cost

function, optimal finite-step feed-forward control can achieve ddsihort seeking without using

any reference trajectory. As a consequence, real timpwtation and memories can be saved in

its implementation.

The remainder of this report is organized as follows. In Se@jotne proposed control

structure is presented. In Section 3, the formulation of the @gtiioh problem and the design of

algorithm are discussed. Section 4 shows a design example and Section 5 concludestthis repor



2 Proposed Control Structure and System Description
Figure 1 shows a schematic diagram of the proposed short seshkiral system by optimal
finite-step feed-forward control for HDD® represents the plant ai@is the track following

controller.f(k) is the feed-forward control signal.
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Fig. 1 Schematic diagram of short-seek control

with optimal finite-step feedforward control for HDDs

The proposed system has the following features:

(1) The control structure during seeking is a two-degree-of-freedom (2DQEuse.

(2) Reference input is set to be a step signal for shoringgele.,r(k)=r for k>0, wherer

is the seeking distance.

(3) Feed-forward control signé{k), which consists of a finite humber of pulses, i.e.,

f(k) =0 for k >n, is added to the control input to shape the transient response

short seeking.

In our design, the feedforward control sigfi&) can be represented as the impulse response of a



finite impulse response (FIR) filté(z):
F(2=fO)+f@Mzt+. .+fn)z" (1)
where the order of the FIR filter equals to the number of pulses in the feedforward sgmao!
f(k), and each coefficient of the FIR filter corresponds to the magnitude of each di3e in
From Fig.1 and E.q. (1), the position error signal PES(K) can be represented as follows.
1 B P(2)

[ (k)

- - — 2 __[F(2)B(K) (2)
1+C(2)P(2) 1+C(2)P(2)

PESk)
where 1(k) is a unit step function and(k) is a unit impulse function.
Notice that the feedforward scheme improves the transspbnse without changing the

closed-loop characteristics such as stability and sensit&itpethodology on how to find the

optimal feedforward control signaf, (k) for 0< k <n, is presented in the next section.

3 Problem Formulation and Algorithm Design

3.1 Problem Formulation
Define the feedforward control signal vector of length n+1 as
f=[f©),f@®,.. f(n) 3

The optimization-based design is a search forminimize a cost function



To obtain good performance in short seeking, we define the cosbiubased on the squared
summation of the position error, the successive differenessnioothness, of the output, the
feedforward control input and the successive difference of ébad-fiorward control input for
enhanced performance as follows:

3= él{PEsz(k)wﬂmpESkﬂ)—PE@(k)]Z} +é0{Q2Ef 2 +agl fk+D- T (4)
where q,q,, and g, are weighting factors to characterize the performance requirements. Thus,
short seeking by finite-step feed-forward control can be formulated as the fgjloptimization

problem.

Problem 1: Consider the servo control system depicted in Fig. 1 or thersydescried by E.q. (2).

Find the feedforward control signal vector,
f=[f0).f .., f(n] 3)

that minimizes the cost functiod:
3= k%{PESZ(k)+o.1mPES(k+1)—PEszk)]z} +k§0{qztr 2+l f (kD=1 (@)

where q >0,q, >0,q, >0 are weighting factors.



3.2 Representation of Position Error Signal via State Space

Since 1) = 213t (5)
z-1
PES(K) in (2) can be represented as

T z _ PFQ 6
PES) [1+C(z)P(z) Dz—1 1+C(z)P(z)]D§(k) ©)

From (6) and (1),

PESK) = (1- + 1) P(2)] [B(k)

C(9P(2 Nt ﬂl+i)— fO)z"+f@0)z""
1+C(2)P(2) z-1 z"

After some manipulations, we obtain that

N(2)
PESk) = —=)B(k 7
S() (r+D(Z)) (k) (7)
where (i) the order of polynomial N(z) is strictly less than that of D(z);
(i) D(z) is determined by C(z) and P(z), and is independent of F(z);

(iif) N(2) is dependent dnC(z) and P(z).

From above, PES(k) can be represented in state space as follows:

x(k +1) = Ax(k) + Bo(k)
PESK) = Cx(k) +rd(k) (8)

where  (i)Ais determined by C(z) and P(and is independent of F(z);
(iB=[0...017;
(iif)C=cy+ f D is linearly dependent dn (9)

After PES(K) is represented in state space form as Eq.(8), we can solvenizatpti



Problem ] and obtain the solution as follows.

3.3 Optimal Finite-step Feedforward Control
Theorem 1: Consider Problem &nd Eq. (8), The optimal finite-step feedforward control signal
that minimizes the cost functians:

f" =~coDW[DWD' +qpl +03D¢ " D¢] ™" (10)

where W =: (1+29,)W—-q,(AW+WA +BB") (11)

W is obtained by solving the Lyapunov equation:

AWA' -W +BB' =0 (12)
and
[-11
-11
Df = .. (13)
00..-11
100 0 '1_(n+1)x(n+1)
Proof:

First, we consider the first term in the cost function.



Jo= § PES? (k) = oijx(k)x(k)TCT = gCAi—lBBT(AT)i—lCT
k=1 k=1 i=1

_ C(_g A1BET (AT))CT

(14)
=1
=cwc',
where W = i Ai‘lgsT(AT)“l satisfies the Lyapunov equation:
i=1
AWA" -w +BB" =0
which has a unique positive semi-definite solutiof i§ stable.
Now we consider the first two terms in the cost function.
J, =Y {PES* (k) + q,[PES(k +1) - PES(K)]*} (15)
k=1
Using (14) and (8), (15) can be transformed into
J,=CWC’ (16)
where W = (1+2g,)W-q,(AW+WA +BB") (17)

To represent the last two terms of the cost function in a convenient form, we define

and note

@
f(2)

[f(1) - f(0)
fQ-1Q

f(n) - f(n-1)

| f(n+D) - f(n)

-f@O ] [-11

-t

Then,

.1;'(n)— f(n-1)

| f(n+1) - f(n)]

(18)
__f 0)
o =D fT (19)
| f(n)




Jz =i{qu *(K) + 05l F(k+2) = T (K)]?}

=q,ffT +q,f, f, (20)
=qzﬁT +q3foTDf fr

Combining (15) and (20), and using (9), we obtain

J =) {PES'(k) + q[PESk +1) - PESK)*} + > {0, F (k) + [ f (k+D) = f (K)]*}
k=1 k=0
=J,+J,
=CWC' +q,ff" +q,fD, D, f’
= (G, + D)W (¢, + D)" +q, T +0,fD, "D, f
= f[DWD' +q,l +q,D, D,]f" +2¢,DWFf " +cWc,'

(21)

To minimize the above function with respecf.tave can set

3_}]:2f[DWDT+q2|+q3DfTDf]+2c0DW:O (22)

Therefore, the optimal coefficient vectorcan be obtained as:
f" =~coDW[DWD' +qpl +03D¢ " D] (23)
Note that the optimal feedforward control signal sequengeneelds to be calculated once
during the design process using (10), and it may be stored in therynama look-up table. In
implementation, the optimal feedforward control signal can be obtained from the loallelp t
which implies that the optimization procedure does not inerdhs amountof real time

computation.



4 Design Example

In this section, the proposed method is applied to a HDD and edlasimulations. We
obtain the plant model from a real HDD, which can be watraximated by a 28order model.
Fig. 2 shows the frequency responses of the plant model. The selithlFig. 2 is frequency
response of the 39—order plant model, and dashed line is frequency respondeoeder
approximate model. We will design the control algorithms based or{'theddr plant model, and
evaluate the performance based on boththerder plant model and the®2@rder plant model as
well as a more realistic plant which captures more cheristics of the HDD than the 9®rder

plant, such as nonlinearities, bias, etc.
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Fig. 2 Frequency responses of the plant model

Fig. 3 shows one-track seeking using the proposed method. The mlghéws the response
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of the proposed method and the dashed line shows the response ofptitengthout optimal

finite-step feed-forward control. From this figure, we cantba¢ a fast and smooth response in

short seeking can be achieved by optimal finite-step feed-fdreaantrol. Fig. 4 shows the optimal

5- step feed-forward control signal applied.

Figure 5 indicates how the transient characteristics malgdped by different weighting

factorsq, in the cost function. Here we spt gz to be 0. The upper figure shows the read/write head

position and the lower figure shows the feed-forward control input.cAeobserve from Fig. 5

that smaller weighting factors); (0,=0) give faster responses but may lead to overshoot of the

head position, and larger weighting factqrge.g.q:=1.45), which imply that the fluctuation of

position error is penalized more relative to other terms inctse function, give smoother but

slower responses. As a result, we can tune the weiglaithgy}; to achieve desired step-responses

accounting for both the speed and overshoot. It is worth notingfttie feed-forward control

signal is not taken into account in the cost function ee&ndgsare set to 0), the feed-forward

control input fluctuates a lot, which is not desirable. Thaegf it is important that we include the

feed-forward control input in the cost function.

11
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Upper figure: head position; lower figure: feedforward control input
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track seeking using the proposed method and using the standard 2DOF design;

the plant is represented by a realistic model which includes nonlinearities and bias

Fig.91



Figure 6 shows how the transient characteristics can be shag#fki®nt weighting factorg,

in the cost function. Here we have ggib 0.5. The upper figure shows the read/write head position

and the lower figure shows the feed-forward control input. Weobaerve from Fig. 6 that a small

weighting factom, (g,=.008), which allows for a large control input, gives a fast responsmbayt

lead to an overshoot of the head position, and a large weightingda¢te+0.8) gives a smooth

feed-forward control input but a much slower response. Thus, we can tumeighéng factor,

to achieve desired step-responses taking into account both tdwthsess of the feedforward

control input and the settling time of the response. It isradsed that since both the magnitude and

the successive difference of the feed-forward control sigraltaken into account in the cost

function in this simulation, the feed-forward control inputs becomehnsmaller and smoother

compared with those in Fig. 5..

We also evaluate the short seeking performance using"tuedd plant and a more realistic

plant which captures more characteristics of the HDD than2@feorder plant, such as

nonlinearities and bias. Figure 7 shows 1-track seeking usimgdpesed method for the 29-th

order plant model. Fig. 8 shows 1-track seeking using the proposed rfathiogl more realistic

14



plant model. In both cases here, we applied the same 5-stefofeard control input shown in

Fig. 4. We can see a fast and smooth short seeking performantained. Figure 9 arithble |

compare the 1-track seeking performance using the proposed methodharttieistandard 2DOF

design (which requires a shaped reference trajectory andiferfgard controller) for the more

realistic plant model. It is observed that the proposed methodkdane the overshoot by 19.4%

and the 10%-settling time by 20.7% with a lesser amount of nealdbmputation load, compared

to the standard 2DOF design.

TABLE |. SHORT-SEEKING PERFORMANCE

USING THE STANDARD2DOFDESIGN AND THE PROPOSED METHOD

Performance Spec Standard 2DOF method Proposed method

5% Settling Time (ms) 0.95 0.64
10% Settling Time (ms) 0.29 0.23
OverShoot (Track) 9.8% 7.9%

5 Conclusions

This report has proposed a novel method of short seeking contrapthyal finite-step

feedforward control. This method, which uses the track followingalbet as feedback controller,

15



introduces a finite-step feed-forward control signal to imprihee transient response in short

seeking. The short seeking control problem was formulated as an oipmizablem by finding

the finite-step feed-forward control signal to minimize atdosction. By incorporating the

tracking error, the smoothness of head position, both the magnitudeeasutctessive difference

of the feed-forward control input in the cost function, optimatdhsitep feed-forward control can

achieve smooth and fast short seeking without using referajeetdries, which also implies a

lesser amount of real time computation and memories in its implementation.

The design example confirmed that an excellent short-seekiiogmance can be achieved

with a small amount of real time computation using the proposed method.
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