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Design and Implementation of a Hard Disk Drive
Servo System Using Robust and Perfect Tracking
Approach

Teck B. Goh, Zhongming Li, Ben M. CheMember, IEEETong Heng Lee, and Tony Huanglember, IEEE

Abstract—This paper deals with the problem of a servo
system design for a conventional hard disk drive with a single
voice-coil-motor (VCM) actuator using a so-called robust and
perfect tracking (RPT) approach. We will first model the physical
system and then formulate it into a robust and perfect tracking
problem, in which a measurement feedback controller can be
obtained to achieve a robust and perfect tracking for any step
reference, i.e., theL,-norm of the resulting tracking error with
1 < p < oo can be made arbitrarily small in the presence of
external disturbances and initial conditions. Some tradeoffs are
then made in order for the RPT controller to be implementable
using the existing hardware setup. The implementation results
of the RPT controller are compared with those of a proportional
integral derivative (PID) controller. The results show that the servo
system with our RPT controller has much better performance
than the PID one has. Our servo system has faster settling time,
lower overshoot and higher accuracy.

— YCM ACTUATOR

. . Fig. 1. A hard disk drive with a VCM actuator servo system.
Index Terms—Actuators, modeling, perfect tracking, robust

COﬂtI’O|, servo systems.
means an increase in the track density, which subsequently
means a more stringent requirement on the allowable variations
of the position of the heads from the true track center.
H ARD disk drives provide important data-storage medium The prevalent trend in hard disk design is toward smaller hard
for computers and other data-processing systems. In m@ggks with increasingly larger capacities. This implies that the
hard disk drives, rotating disks coated with a thin magnetic laygick width has to be smaller leading to lower error tolerance in
or recording medium are written with data, which are arrangege positioning of the head. The controller for track following
in concentric circles or tracks. Data are read or written withgys to achieve tighter regulation in the control of the servomech-
read/write (R/W) head, which consists of a small horseshognism. Current hard disk drives use a combination of classical
shaped electromagnet. Fig. 1 shows a simple illustration otgntrol techniques, such as lead-lag compensators, Pl compen-
typical hard disk servo system. sators, and notch filters. These classical methods can no longer
The two main functions of the R/W head positioning servgeet the demand for hard disk drives of higher performance.
mechanism in disk drives are track seeking and track followingg many control approaches have been tried, such as linear
Track seeking moves the R/W head from the present track t@@adratic Gaussian (LQG) and/or LTR approach (see, e.g., [8]
specified destination track in minimum time using a boundeghq [16]), H-, almost disturbance decoupling approach (see,
control effort. Track following maintains the head as close @Sg., [4]), and adaptive control (see, e.g., [11]) and so on. Al-
possible to the destination track center while information {ﬁough much work has been done to date, more studies need to
being read from or written to the disk. Track density is thge conducted to use more control methods to achieve better per-
reciprocal of the track width. It is suggested that on a difrmance of the hard disk drives.
surface, tracks should be written as closely spaced as possiblene purpose of this project is to use the newly developed ro-

so that we can maximize the usage of the disk surface. Thigst and perfect tracking (RPT) control method in the hard disk

drive servo system. This paper focuses on the modeling and
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with 1 < p < oo arbitrarily small in faces of external distur-Thus, the transfer function of an ideal VCM model appears to
bances and initial conditions. Some tradeoffs are then madebma double integrator, i.e.,
order for the RPT controller to be implementable using the ex-
isting hardware setup and to meet physical constraints such as
sampling rates and the limit of control of the system. The im- Guils) = s2 @
plementation results of the RPT controller are compared with
those of a PID controller. The results show that our servo systéiowever, if we consider also the high-frequency resonance
is simpler and yet has faster seeking times, lower overshoot anddes, a more realistic model for the VCM actuator should be
higher accuracy.

The outline of this paper is as follows: in the next section, we kyky kas + w2
identify a fourth-order model for the VCM actuator of a typical Gu(s) = $2 $2 4 2fw,s+ w2’ ®)
hard disk drive. The model is obtained using a frequency re-

sponse identification method. In Section Ill, we cast our ser\gsing the algorithm of [5] and the measured data from the ac-

design problem into a robust and perfect tracking control framgr| system (see Fig. 2), we obtain a fourth-order model for the
work to obtain a family of first-order measurement feedbackctuator

controllers. It is parameterized by a tuning parametavhich
can be tuned such that the overall design meets desired de- 4.3817 x 10105 4- 4.3247 x 10%°

) e : G.(s) = )
sign specifications. The experimental results of the RPT control $2(s2 + 1.5962 x 10%s + 9.7631 x 107)
system are given in Section IV with a detailed comparison with

the results of a PID controller. Finally, the concluding remarlﬁg_ 2 shows that the frequency response of the identified model

and comments are drawn in Section V. matches the measured data very well for the frequency range

from 0—1C rad/s, which far exceeds the working range of the
II. MODELING OF THEVCM ACTUATOR VCM actuator.

In this section, we present the modeling of the VCM actuator,
which is well known in the research community of the hard disklll. CONTROL SYSTEM DESIGN USING THE RPT APPROACH

drive servo systems to_have a characteristic of a d(_)uble inteyve now present the servo system design for the actuator iden-
grator cast with some high frequency resonance, which can fige in the previous section. Basically, aimost all commercially
duce the system stability if neglected. There are some bias forgesjaple hard disk drive servo systems up-to-date are designed
in the hgrd disk drive system which will cause steady-state €Ming conventional PID approach. For drives with a single VCM
in tracking performance. Moreover, there are also some nonliflsy 101, designers would encounter problems if they wish to
earities in the system at low frequencies, which are primarily, ., up the tracking following speed. Usually, there will be
due to the pivot and bearing frictions. All these factors shoulg, e huge peak overshoot in step response. Thus, in practice
be taken into consideration when considering the design 0fgq \youid have to make tradeoffs between the track following
controller for the VCM. For the purpose of developing amodelyeeq and overshoot by selecting appropriate PID controller
we have to compromise between accuracy and simplicity. In thySins \we introduce in this section the so-called robust and per-
section, a relatively simplified model of the VCM is |dent|f|edfect tracking (RPT) control technique. Such an approach will
and pre;gnted. ) o enable the designer to design a very low-order control law, and
We utilize the frequency response identification method (S§Gpreqver, the resulting closed-loop system will have fast track

€.9., [5] and [14]) to model our actuator. Such a method is apiqying speed and low overshoot as well as strong robust-
plicable to minimum phase processes. We expect from the propss For the benefits of general readers, we recall briefly the

erties of the physical system that the VCM actuator should ory and design procedure of the RPT approach without de-
of minimum phase. Thus, the method of [5] can be employed {g proofs.

identify our VCM model. We consider a general linear system with external distur-

The dynamics of an ideal VCM actuator can be formulatggh \ces described by the following state-space madel
as a second-order state-space model as the following (see, e.g.,

[15]), z = Az + Bu + Fw, z(0) = z¢
(D-G D) o

where where

U actuator input (in volts); z R state variable of the system;

y andv position (in tracks) and the velocity of the « & R™  control;

R/W head; w € R¥ external disturbance;

ky position measurement gain; y € R? measurement output;

ke current-force conversion coefficient; h e R¢ output to be controlled.

m mass of the VCM actuator; For simplicity, we will only consider a step reference signal

k. =k /m r(t) € R in this paper. Then the robust and perfect tracking
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Fig. 2. Frequency responses of the actual and identified models of the VCM actuator.

(RPT) problem is to design a parameterized controller of tha&w to solve the RPT problem under the above necessary and

following form )" (e): sufficient conditions. Let
Ty = Apu(€)2s + Buy(e)y + Bur(e)r } (6) zl
U = Cyu(€)Ty + Duy(€)y + Dur(e)r r(t) = .2 “1(t) =« 1(%) (8)
wherez, € R™ is the state variable of the control law, such O;[
that the following properties hold. _ _ _
1) The resulting closed-loop system comprising the systaffierel(?) is the unit step function, ang;, az, ..., a¢ are the

% of (5) and the control law, (<) of (6) is internally magnitudes of the step functions. Thus, we have
stable for alle € (0, €*], wheres* is a positive scalar. Mt) = a - 8(t) (9)
2) Lete = h —r. Foranyw € L,, p € [1, o0), and any
initial conditionxg, the resulting tracking error satisfies whereé(t) is a unit impulse function. Then, we obtain an aux-

iliary systemy ., which combines the original syste}j of
llell, — 0, ase—o0. (7)  (5) and the reference signa(t), as the following:
Obviously,e is a function ofe. The above property im- i = Az + Bu+ Fw
plies thath is capable of tracking with arbitrarily fast y=Ciz+ Diw (20)
settling time in faces of external disturbances and initial e =Cshx + Dyu
conditions. here
Itis shown in [10] that the above RPT problem is solvable if an\g
only if the following conditions are satisfied: . <7> . < w ) . <7)
T = ,w = L Y= (11)
1) (A, B) is stabilizable andA, ) is detectable; z ad(t) Y
2) (A, B, C3, Dy) is minimum phase and right invertible; and
3) Ker(Cy) D C7HIm(Dy)} := {v|Civ € Im(Dy)}.
By minimum phase we mean tha#i, B, C,, D;) does not A= [0 0} B= [0} j- [0 Ié} (12)
have invariant zeros in the closed right-half complex plane. Note 0 A]’ B’ £ 0
that for the case whe®; = 0, item 3 above is equivalent to Cy=[-1 C;],D;=D, (13)

Ker(Cs) 2 Ker(Cy). In what follows, we will give an algorithm C. — I 0 D - 0 0 14
that constructs a reduced order measurement feedback control =lo o |0t Dy 0| (14)
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It can be easily shown that the quadruple, B, C>, D) has

the same infinite zero structure and the same stable invariant

zeros as those ¢f4, B, Cs, D), and is right invertible as well

but with ¢ additional invariant zeros at the origin. The construc-
tion algorithm involves two step main stages: In the first stage,

we will construct a static state feedback law %oy, . of (10)
which will solve the RPT problem for the case whgn= z,

i.e., all the states of | are available for measurement. Then, in

the second stage, we design a reduced order measurement feed-
back control law that will recover the performance of the static
state feedback law designed in the first stage. The following al-

gorithm is due to [10]:

Stage 1: The following stage is to construct a parameterizegnd

state feedback gaif'(¢) such thatu = F(e)z will solve the
RPT problem for the system of (5) with; = I andD; = 0,

i.e., its corresponding auxiliary system of (10) can be rewritten

as

= Ax + Bu+ Fw
y=x
¢ =Chx +D>u

(15)

Note that(A, B, C», D-) is right invertible and has invariable
zeros at the origin.

Step S.F.1: Utilize the results of the special coordinate
basis of [13] and [12] (see also [1] for the
detailed proofs of its properties) to find
nonsingular state, input, and output transfor-
mationsl';, I'; andl’, to the system (15) such
that if we let
z=I.2,e=T,¢, u="Tu (16)
we will have
x9 1

bt o
g= " ) ag=| T |, = <‘3°>, (17)
Le . Cd
Ld Ty
€1 Uy
e2 %o U2
Cq = . 5 U= Ud , Ud = (18)
: "
ern,d U/rn,d
and
i) =A% 2%+ B eo + LY eq + Edw (19)
., =A,x, +Bye0+ L ea+ E,w (20)
-/tc = Accxc + BcE(?a-TS + B(’E(:)‘/Ea_
+ BOCGO + Lcded + Bcuc + Ecw (21)
e = C’gaxg + Oz, + Cocte + Cogzg + 1o (22)
andforeach =1, ..., myg
i = Ag,xi + Ligeo + Ligeq + Egiw + By,
mg
wi + EQad + Ejay + Eicxe + y | Eiju;| (23)
j=1

C; = Oqg L, Cq = Odl‘d. (24)
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Here the states?, =, . andz4 are, respec-
tively, of dimensionsn!, n,, n. andngy
> g;, while z; is of dimensiony; for each
i = 1,..., mg. The control vectors.y, uq
andu,. are, respectively, of dimensiomsy =
rank Ds), mg andm, = m — mg — my while
the output vectorg, ande, are, respectively,
of dimensionspg mo andpy = my. The
matricesA,,, By, andC,, have the following

form:

— 0 I(Iz'—l _ 0
el ] e
Cy,=[1 0 0]. (26)

Moreover, the eigenvalues df, are all at the
origin, the eigenvalues of_, are all in the left
half complex plane, i.e., they are stable, and the
pair (A.., B.) is controllable.

Let’. be any arbitraryn.. x n. matrix subject
to the constraint that

Step S.F.2:

A, = A, — B F, (27)

is a stable matrix.

This step deals with the infinite zero struc-
ture of the given system, i.e., subsystems,
t = 1 to my, represented by (23). Let
A, = {)\ila )\ig, caey Aiqi}’ ¢ = 1 1o my,
be the sets of; elements all ilC—, which are
closed under complex conjugation. Next, we
letAg == A UAU...UA,,, . Fori=1to
my, define

Step S.F.3:

qi
pi(s) = [J(s = Nij)
j=1
=5V + Fyst 4+ Fiy, 15+ Fy,
and
Fi(e) = — FiSi(e) (28)
£
where
F, = [Fiqi EQifl F; ] (29)
and
Si(e) = diag{1, e, €%, ..., %1}, (30)
Step S.F.4: The parameterized gain matrix is given by
C(())a C(O_a CO(: = COd
F(e):=-I, |ES, E, Ea Fue)+Eq|T;" (31)
E° E. F. 0
where
Ej, =diag{E?,, ..., EY, .} (32)
E,, =diag{Ey,, ..., B, .} (33)
Ey. =diag{Ec, ..., Enye} (34)
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Fd(g) :diag{ﬁl(g)’ FQ(g)’ o Fmd(g)} (35) Next, let Kg b(_e an appropriate dimensional constant matrix
such that the eigenvalues of

and C1,02
AR+ KprCp = A2z + [Kro Kr1] { A } (45)
12
Ell e Elrnd
E,= : - : ) (36) areallinC~. This can be done becausér, Cr) is detectable.
£ ' B ' Then, the reduced order measurement feedback law that solves
mal e Ememg the RPT problem is given by (6) with
Finally, we partition Auu(e) = Ap+ BaFio(e) + KrCr + Kp1 B1Fa(e)
Buy(e) = Gr(e)+(B2+ Kr1B1)|0, Fi(e)— F2(e) Kri]
F(e)=[H(s) F(e)] (37) By (e) = (Bs + Kp1B1)H(e)
Cyp(g) = Fa(e)
whereH (¢) € R™*¢ and F(e) € R™*™. Dyy(e) = [0, Fi(e) — F2(e) Kri]
Stage 2: We now design a reduced order measurement feegDvr () = H(e)

back controller that solves the RPT problem for the system (%here (46)

For simplicity of presentation, we assume that matricesnd
D, have already been transformed into the following forms:  Gg(e) = [~ Kro, A21 + Kr1A11 — (Ar + KrCr)K 1]

0 O o2 Dy o We note that there are software packages available (see, e.g.,
CL = [Ik 0 } andD, = [ 0 } (38) [2] and [9]) to construct the special coordinate basis of linear
systems and the above algorithm for realizing the RPT con-
whereD; , is of full row rank. We first partition the following trollers. The following theorem is due to [10].
system: Theorem 1: Consider the systeiy, of (5), which satisfies all
the three conditions for the solvability of the RPT problem. Con-
sider also the reference inpuft) being a vector of step func-
tions. Then, the reduced order measurement feedback control
law of the form (6) with its gain matrices being given as in (46)
in conformity with the structures af; and.D; in (38), i.e., solves the RPT problem fdr_ with the reference(¢). O
We now ready to move on the design of our proposed servo

&t =Ax+Bu+[FE In]zb,} (39)

y201$+[D1 0]11],

<571 ) _ | A A <371 ) LB B 0 } i | system. We will design a servo system that meets the following
) | A21 Az | \ 22 | E2 0 L design specifications:
1 |:Bl } ” 1) The control input should not exceg V due to physical
By constraints on the actual VCM actuator.
%o [0 Cyonl (21 Dio O 0] . 2) The overshoot and undershoot of the step response should
<y1 ) A 0 <x2> 0 0 0} w be kept less than 5% as the R/W head can start to read or
(40) write within & 5% of the target.
where 3) The 5% settling time in the step response should be less
than 2 ms (to beat the PID controller).
@ = < w ) ) (41) 4) Sampling frequency inimplementing the actual controller
zo - 6(t) is 4 kHz, which is the sampling frequency currently used

. L . in most commercial disk drives.
Obviously,y1 = a1 is directly available and hence need not rm experience that we gained in designing PID controllers,
to be estimated. Next, we defij€,  to be characterized by \ye know that it is quite safe to ignore the resonance models of
(Ar, Er, Cr, Dr) with the VCM actuator if we are focusing on tracking performance.
Thus, we will consider only a second-order model for the VCM

Ap= Az, Er=[E; 0 In_i] (42)  actuator at this stage. We will then put the resonance modes back

when we are to evaluate the performance of the overall design.
and Thus, we will use the following simplified model of the VCM

actuator,

| CL 02 | Do 0 O

CR — ’ DR — (43)
A1z Ey I O S LU 0 (47)
= 1o 0|*T | 44296000 |"

It is again straightforward to verify thgt_,  is right invert-
ible with no finite and infinite zeros. MoreovefAr, Cr) is
detectable if_and only iM, C}) is detectable. We also partition y=h=[10} (48)
F(e) of (37) in conformity withz; andz, as follows:

and

in our design. Itis simple to verify that the above system satisfies
F(e)=[Fi(e) Fx(e)] (44) the solvability conditions for the RPT problem. The correspond-
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Fig. 3. Responses of the closed-loop systems with parmeterized RPT controlter- (a)(b) ¢ = 0.01.

ing auxiliary system in the format of (10) for the above plarfollowing the construction algorithm for the RPT controller,

can be expressed as we obtained a parameterized first-order measurement feedback

00 0 0 1 \ control law of the form (6) with

&=|0 0 1|z+ 0 u+ |0|w Avy(e) = 7800/
00 0 44296 000 0 Bruyg? = —4.842 ><61/0;/€

. (49) B,.(e) = 1.62 x 10%/¢ )

y = {1 0 0} o4 {0} w Co(e) = —4.063572 x 107 /e (50)
010 0 D, () = —0.280 386 /=2

e=[-110]z+ Ou ) D,.(e) = 0.036 572/¢?
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Fig. 3. (Continued) Responses of the closed-loop systems with parmeterized RPT controller=(a) —°.

Results in Fig. 3 are obtained using a Matlab package. Theith two different resonant frequencies: oneis 1.125 kHz, which
clearly show that the RPT problem is solved as we tune ties = 75% of the nominal value, and the other is 2.25 kHz,
tuning parameterto be smaller and smaller. Unfortunately, dusvhich is@ = 150% of the nominal resonant frequency. The re-
to the constraints of the physical system, i.e., the limits in cosults show that the RPT controller is very robust with respect to
trol inputs and sampling rates, as well as resonance modes, thischange of resonant frequency in the actuator.

impossible to implement a controller that will track the refer- Although we do not consider the effects of run-out distur-
ence in zero time. We would thus have to make some complmnces in our problem formulation, it turns out that our simple
mises in the track following speed because of these limitatiorigst order controller is capable of rejecting the first few modes
After several trials, we found that the controller parameters of the run-out disturbances, which are mainly due to the im-
(50) withe = 0.9 would give us a satisfactory performance. Weerfectness of the data tracks and the spindle motor speeds,
then discretize it using a bilinear transformation with a samplirgnd commonly have frequencies at the multiples of about 55
frequency of 4 kHz. Note that it was shown in Chen and Wellétz. We simulate these run-out effects by injecting a sinusoidal
[3] that the bilinear transformation does not introduce additiongignal into the measurement output, i.e., the new measurement
nonminimum phase invariant zeros and it preserves the invedttput is the sum of the actuator output and the run-out dis-
ibility structure of the system. The discretized controller is givelitrbance. Fig. 6 shows the simulation result of the output re-

by sponse of the overall servo system comprising the fourth-order
model of the VCM actuator model and the discretized RPT con-
x,(k+1) =—0.04x,(k)+15 178.933r(k) — 453 681.43y(k) troller with a fictitious run-out disturbance injectian(t) =

. 7 SN 0.5 4+ 0.1 cos(110xt) 4 0.05 sin(2207t) and a zero reference

u(k) =—3.4267> 1072, (k) +0.039 731 (k) - 0.184 21y (k). 7(t). The result shows that the effects of such a disturbance to
Fig. 4 shows that the step response of the overall system cdf Overallresponse are minimal. A more comprehensive test on
prising the fourth-order model of the VCM actuator (we now pdt!n-out disturbances, i.e., the position error signal (PES) test on
the resonance modes back into the VCM actuator model) and {ig actual system will be presented in the next section.
discretized RPT controller, meets the design specifications. In
actual hard disk drive manufacturing, the resonant frequency IV. IMPLEMENTATION RESULTS
of the VCM actuator for the same batch of drives mightvary from In this section, we present the actual implementation results
one to the other [see (4)]. A common practice in the disk drivsf our design and their comparison with those of a PID con-
industry is to add some notch filters in the servo system to atteroller. Two major tests are presented: one is the track following
uate these resonant peaks as much as possible. Surprisinglyofthe closed-loop systems and the other is the position error
RPT controller is capable of withstanding the variation of resaignal (PES) test, which is considered to be a major factor in
nance frequencies as well. Fig. 5 shows the step responses otlisign hard disk drive servo systems. Our controller was imple-
closed-loop systems of our RPT controller and the VCM modeiented on an open hard disk drive with a TMS320 digital signal
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Fig. 5. Step responses of the closed-loop system with different resonant frequencies.

processor (DSP) and a sampling rate of 4 kHz. Closed-loop &lee frequency Bode plot using this information. Altogether, two
tuation tests were performed using a laser doppler viboromesets of experiment were performed, one using the RPT con-
(LDV) to measure the R/W head position. The resolution usgaller and the other using a PID controller reported in Goh [7].
for LDV was 1 pm/V. This displacement output is then fed into

the DSP, which would the_n_gene_rate the necessary control Sigﬂ?‘lTrack Following Test

to the VCM actuator. A digital signal analyzer (DSA) was used

to assist in obtaining the frequency response of the overall con-The solid-line curve in Fig. 7 shows the experimental step re-
trol system. It can inject a swept sinusoidal reference signafponse of the RPT controller. In this figure, the response of the
then read the output displacement from the LDV and calcula®PT controller is shown together with that of a PID controller
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Fig. 6. Output response of the closed-loop system due to a run-out disturbance.

of Goh [7] as a comparison. Note that the actual response of tkason that the RPT control outperforms the PID is: In the RPT
closed-loop system with the RPT controller is slightly faster arglructure, all available information associated with the system is
its overshoot is slightly larger (about 7%) compared to the simfudly utilized, while in the PID control, only partial information
lation results given in the previous section. The 5% settling tinie used. O
is about 1.6 ms, which surely meets the design specificationslUnfortunately, we could not compare our results with those
Fig. 8 shows the experimental closed-loop Bode plot. It shows$ other methods mentioned in the introduction. Most of refer-
that the system has a closed-loop bandwidth of about 500 Hz.gktces we found in the literature contained only simulation re-
the roll-off frequency, there is no discernible resonance peak. sults in this regard. Some of implementation results we found
The dotted-line curve in Fig. 7 shows the step response of tivere, however, very different in nature. For example, Hansel-
PID controller of Goh [7] (again using a 4 kHz sampling ratemann and Engelke of [8] reported an implementation result of
The PID controller had a usual structure and was tuned such thatisk drive servo system design using the LQG approach with

it could have fast time response. It is given by a sampling frequency of 34 kHz. The overall step response of
0.1322 — 0.232 + 0.10 [8] with a higher order LQG controller and higher sampling fre-
u= (r—w). (51) quency is worse than that of ours.

22 —1.252+0.25

Unfortunately, the overshoot of the controller is rather hig
about 50% and this is a result of trading improved settling’
time at the expense of higher overshoot. To achieve a settlingrhe disturbances in a real hard disk drive are usually consid-
time of 4-5 ms, it is necessary to tune the PID controller suehed as a lumped disturbance at the plant output, also known
that the overshoot is significant. Fig. 9 shows the experiments run-outs. Repeatable run-outs (RROs) and nonrepeatable
closed-loop Bode plot of the PID controller. The closed-loopun-outs (NRROs) are the major sources of track following
bandwidth of this servo system is also about 500 Hz, wittrrors. RRO is caused by the rotation of the spindle motor
a slight peak of about 7 dB at the roll-off frequency. Thiand consists of frequencies that are multiples of the spindle
resonance peak would result in additional tracking errors closequency. NRRO can be perceived as coming from three main
to the bandwidth frequency. sources: vibration shocks, mechanical disturbance, and elec-
Remark 1: We believe that the shortcoming of the PID contrical noise. Static force due to flex cable bias, pivot-bearing
trol is mainly due to its structure, i.e., it only feeds in the errdriction and windage are all components of the vibration shock
signal,y — r, instead of feeding in both andr independently. disturbance. Mechanical disturbances include spindle motor
On the other hand, the RPT control scheme can be regardedasations, disk flutter, and slider vibrations. Electrical noises
a structure with two degrees of freedom, which feeds in bothclude quantization errors, media noise, servo demodulator
y andr. The PID control structure might be simple as mostoise, and power amplifier noise. NRRO are usually random
of researchers and engineers have claimed. However, our REi unpredictable by nature, unlike RROs. They are also of a
controller is even simpler, i.e., the RPT controller is of the firdbwer magnitude (see, e.g., [6]). A perfect servo system of hard
order and the PID controller is of the second order. The mailisk drives should reject both the RRO and NRRO.

Position Error Signal Test
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Fig. 7. Implementation result: Step responses of closed-loop systems with RPT and PID controllers.

In our experiment, we have simplified the system somewhat can then read off the subsequent position signal as the ex-
by removing many sources of disturbances, especially thatpgcted PES in the presence of run-outs. In disk drive applica-
the spinning magnetic disk. Therefore, we have to actually atddns, the variations of the R/W head from the center of track
the run-outs and other disturbances into the system manuadlyring track following, which can be directly read off as the
Based on previous experiments, we know that the run-outsgasition error signal (PES), is very important. Track following
real disk drives is mainly composed of the RRO, which is ba&ervo systems have to ensure that the PES is kept to a minimum.
sically sinusoidal with a frequency of about 55 Hz, equivaleitaving deviations that are above the tolerance of the disk drive
to the spin rate of the spindle motor. By manually adding thisould result in too many read or write errors, making the disk
“noise” to the output while keeping the reference signal to zerdrive unusable. A suitable measure is the standard deviation of
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Fig. 11. Implementation result: Histogram of the PES test with the PID controller.

the readingsy. A useful guideline is to make ti3 value less V. CONCLUDING REMARKS
than 5% of the track width, which is abotitl xm for a track A so-called robust and perfect tracking controller design for a
density of 10-15 KTPI (kilo tracks per inch). hard disk drive servo system has been reported in this paper. The

Figs. 10 and 11 show the tracking errors of robust and perfggbT controller has a much better performance in track following
tracking controller and PID controller, respectively, under thgs well as in the PES tests compared to those of the PID controller
disturbance of the run-outs. TBe value is abou0.095 ym for  aswell as other controllers. The RPT controller has very minimal
the RPT controller, and abo0t175 um for the PID controller. overshoot and undershoot and much faster settling time.

Again, the RPT controller does better than the PID one in theThe RPT controller utilized is first order. This is one order
PES test. lower in comparison with the PID controller and would allow
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for quicker execution of the DSP codes during implementatio
This would be an important consideration when the samplir
rate of the disk drive servo is pushed higher to meet the i
creasing demands on the servo performance. The current res
can be further improved if we used a better VCM actuator ai
arm assembly, with a higher resonance frequency. The cont
input limit has not been reached and theoretically, we should
able to tune the controller to achieve even faster settling tll"
and higher servo bandwidth. This will be a subject of our futuig yrive servo systems.
work.
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