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Abstract

In hard disk servo systems, two or more types of con-
trollers are used for track scck, track follow and track
settling modes. Due to this nature there is a need to
consider the problem of mode switching among these
controllers. In this paper, a composite nonlinear feed-
back controller is used to perform the above functions.
The goal of this paper is to propose a unified controller
to perform different modes of operation in HDD servo
systemn with the saturation constraints on control sig-
nal. This is by the design of composite nonlinear feed-
back control law based on a nominal linear controller.
In the face of actuator saturation, this control law not
only increases the speed of closed-loop response but also
improves the settling performance.

Keywords: Servo Systems, Modelling, Nonlinear Con-
trol, state-feedback.

1 Introduction

Nowadays, the arcal density of hard disk drives (HDDs)
is increasing by 70% compound annual growth rate and
their average data access times are becoming less than
8 msec. The hard disk drive that can accomplish a
scck mancuver in minimum time is likely to command
a significant sharc of the sales market.

The two main requirements of HDD servo systems
arc a) high-speed head positioning in sccking, and
b) highly-accurate head positioning in tracking. To
meet both requirments, almost all HDDs have two or
more control structures. In a conventional controller-
switching method, a velocity controller is employed in
scecking and a positioning feedback controller such as a
PID controller is used in tracking [6].

Track seeking is a time optimal control problem [5]. In
the past, a number of arguments have been put for-
warded to discount the use of a Time-Optimal Con-
trol (TOC) law for a magnetic disk drive storage sys-

tem. The classic time optimal design, bang-bang con-
trol, is not practical because with even the smallest
system process or measurement noise, the control sig-
nal will chatter between the maximum and minimum
value. Proximate Time Optimal Servo (PTOS) pro-
posed by Workman (1997), is an algorithm which was
derived from bang-bang control and can be made ar-
bitarily close to time optimal. In this method maximum
acceleration and deccleration are applied to the limit of
a power amplifier and then switched to a tracking con-
troller. To ensure smooth hand over from seeking mode
to tracking mode the parameters of both the controllers
are designed to meet the constraints imposed by PTOS.
Duc to these constraints there is a limit to decrcase the
scck time. Hence there is a need to find a new control
technique to decrease the access time.

This paper proposes the use of composite nonlinear con-
trol law basced on a nominal lincar controller proposed
by Lin et al, 1998; to hard disk drive servo systems
to decrease the access time. In classical linear control
theory performance specifications are given in terms
of a unit step response. To ensure a quick rise time,
the damping ratio should not be too large. On the
other hand | if the damping ratio is too small, there
will be overshoot and ’‘ringing’. A compromise is usu-
ally made by choosing the damping ratio as a certain
fixed number [4]. The composite nonlinear control pro-
posed in [4] takes the advantage of both the quick re-
sponsc of systems with a small damping ratio and the
small overshoot of systems with a large damping ratio.
This is achieved with two components in the control
law namely, 1) noulinear and 2) linear parts. The non-
lincar component is used to increase the damping ratio
as the system output approaches the target value. The
linear component is used to settle the system at the de-
sired value. The control law obtained by this method
gives room to supply an extra energy to compensate for
the disturbances. This advantage was utilized to add
an internal-loop compensator to climinate the distur-
bances. The results are compared with the conventional

PTOS method.

This paper first briefly describes a head-positioning sys-
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Figure 1: The hard disk drive with VCM actuator servo
system.

tem of disk drives. Also, a plant model was derived to
implement the proposed method. This is done in Sec-
tion 2. The main part of this paper is in Section 3,
where the Composite Nonlincar Feedback Control is
explained. In Section 4, the design of the internal-loop
compensator using Hoo optimization is explained. Sim-
ulation and experimental results are shown in Section 5,
which clearly shows around 30% reduction in seck time
than in conventional PTOS. Finally, we draw some con-
cluding remarks in Section 6.

2 Dynamic Model of Disk Drives

Figure 1 shows a hard disk drive with a VCM actuator
servo system. On the surface of a disk, there are thou-
sands of data tracks. A magnctic head is supported by
a suspension and a carriage, and it is suspended scv-
eral microinches above the disk surface. The actuator,
called a voice-coil motor (VCM), actuates the carriage
and moves the head on a desired track. The mechan-
ical part of the plant, that is, the controlled object,
consists of the VCM, the carriage, the suspension, and
the heads. The controlled variable is the head position.
The plant model can be derived from the frequency re-
sponse characterstics of the HDD servo system taken
from an experiment. The frequency reponse character-
stics of the HDD servo system is shown in Figure 2.
It is clear from the response characterstics that the
servo system has many resonance modes. The complete
model may be of order 40 [3]. It is quite conventional
in HDD industries to approximate the dynamics of the
VCM actuator by a sccond order state space model as
in the following state model

(=B li)e o

where u is the actuator input (in Volts), y and v are the
position (in tracks) and the velocity of the R/W head,
k, is the position measurement gain and k, = ky/m,
with k; being the current-force conversion cocfficient.
Thus, the transfer function from u to y of the VCM
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Figure 2: Frequency Response Characteristics of HDD.
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Figure 3: Composite Nonlincar Feedback Control.

modecl can be written as

kyk,
Gui(s) = Y (2)

52

However, if we consider the high frequency resonance
modes also, a more realistic model for the VCM actua-
tor would be

_ ke key kas + w%y
82 824+ 20wes tw?’

Gy (s) (3)

Using the measured data from the actual system (sece
Figure 2), we obtained a fourth order model for the
actuator,

1.832 x 108s + 1.17 x 1016
s2(s2 +1.382 x 10%s + 1.005 x 10%)°

Go(s) = (4)

3 Composite Nonlinear Feedback Control

The schematic diagram of Composite Nonlinear Feed-
back Control is shown in Figure 4. It is clear from the
modelling part that the plant (VCM) can be counsid-
cred as a sccond order system. Hence the plant model
in state space will have two state variables. Let us con-
sider the head position(y) as the first state, the plant
velocity(v) as the second state and the head position
as the output variable to write the plant model in state
space. i.c.,



From Figure 4, we can write that,

Yy = kyo(t) (7)
U= kyu(t) (8)
Then, from equations (5)-(8) the state model with
2(0) = (0 0)" = @ as the initial state and the con-
straint on the control | w(t) |< Umaee can be written

as,
. - 0 ky Tl(f) 0 .
z(t) = {0 U} |:T2(f) + k. sat(u)  (9)
sty = [ 0l() (10)
where
sat{u) = Umae If U > Unas
= u if |u| < tmax

=  —Umax if w < Umazx

In order to derive a composite nonlinear control law let
the state model (9)-(10) be transformed into a control-
lable canonical form as

& = Ax + Bsat(u)
{1/ = Cz (11)
where
0 1 0
A—{al (12:|7 B—L}andC—[(l el

Now, the control law can be derived by following the
three step alogrithm reported in [4]. Step 1 and 2 deals
respectively with the design of the lincar and the non-
lincar feedback control laws. In step 3, these linecar and
nonlinear feedback laws are combined to form the de-
sired nonlinear feedback law. These three steps are as
follows.

Step 1 - Linear Feedback Design. Choose a linear
feedback law
up, = —Fr + Gr (12)

where F = [f1 fo] is such that A — BF is Hurwitz,
the closed-loop system C(sI — A+ BF)™! B has a small
damping ratio, and G = (—a1 + f1)/c1.

It has been proved that the lincar feedback control law
(12) would cause the system output to asymptotically
track a step command of amplitude r, as long as the
initial state x(0) and r satisfy

a
A, < A.
(13)
where A € (0,1), P > 0 is the solution of the Lyapunov
cquation,

1

<x1(0) - %,3@(0)) c{z:2TPx <c},and

(A—BF)T'P+P(A-BF)=-Q, (14)

and ¢ > 0 be the largest positive number such that
re{r:a2TPr<cl=|Fr|<1-A. (15)

Let P be partitioned as

P1 P2 .

p=|P P2 (16)
P2 D3

We can conclude from the quicscent initial conditions,

viz, from the zero initial state, that any step of ampli-

tude 7, |r| < \/cic/p1 and

totically tracked. By increasing A and/or decrcasing
|p1| through choice of fi, fo and @, we can increase the
input command amplitude that can be asymptotically
tracked. This change of f; and fo will of course af-
feet the closed-loop damping ratio and hence the rising
time.

“—17"‘ < A, can be asymp-
o ) 3

Step 2 - Nonlinear Feedback Design. The nonlin-
car state feedback control law is given by

uy = —pla,r)BTP <T - {7"/0“1 D (17)

where p : R?®x R — R is any nounegative function
locally Lipschitz in x, which is chosen to increase the
damping ratio as the output approaches the command
input.

Step 3 - Composition of Linear and Nonlinear
Feedback. The final nonlincar fcedback law is then
composed as

u=up +uy = [—F — plx,r)BTPlx

Lo + f1— p(z,7)p2 (18)

r

With the nounlinear state feedback law as given by (18),
the following theorem has been proved in [4] concerning
the step response of the closed-loop system.

Theorem 3.1 Consider the system given by (9)-(10).
For any nonnegative function p(z,r), locally Lipschitz
in x, the nonlinear feedback law (18) will cause the sys-
tem output to asymptotically track the step command
input of amplitude v from an initial state x(0), provided

that x(0) and r satisfy (13).

Thercfore, the composite control law (18) can be used
for fast track seeking and track following operations.
This control law was implemented on HDD servo sys-
tem and the results were shown in the following sec-
tions.

4 Compensator Design in the H,, Framework

In Section 3 the design of servo controller was discussed.
In order to achieve robustness with this countroller
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Figure 4: Nonlinear feedback controller Based on Com-
pensator.

against disturbances, such as runout disturbances an
internal-loop compensator can be used. In this scction,
such a compensator has been designed via Heo opti-
mization techniques using the methods reported in [2].

Figure 4 shows a schematic diagram of the combined
internal-loop compensator and non-linear state feed-
back controller. Let P, be the plant model of HDD
and let its transfer function be given by

G (s) = Cy (I — A) ™" B + Dy (19)

with (A, Bm) being stabilizable and (A,,, Cp,) be-
ing detectable[3] . Let Pe be the internally stabilizing
controller i.c.; the internal-loop compensator designed
through H., optimization techniques and let its trans-
fer function be

Ge(s) = C.(sI — A)™" B. + D, (20)

and the minimal realizations of the weighting functions
V, W1 and Wy be respectively given as

V(s)=Cy(sI — Ay) " By + D, (21)
Wi(s) = Cur (5] — A1) But + Dut (22)

and
Wo(s) = Cua (51 — Awa) ™ Bua + D (23)

The sensitivity function S and the complementary sen-
sitivity function T are respectively definded as

S = (I +GpGe) ™" (24)

and

T:=Ge(I+GnGe) . (25)

It is required to find an internally stabilizing control law
P, such that the Ho-norm of the closed-loop system
from the disturbance d to the controlled output h =
(W, ), e

-WiTv || ||WiTV

WoSV | = | WasSV (26)

oo

is minimized. In this paper, this problem was solved
using Linear System and Control Toolbox reported in
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Figure 5: Sensitivity (S) and Complementary sensitivity
(T) function.

[1] and the full-order observer based compensator was
found in the following form,
P, { U= A+ By (27)
u=C.v+ Dy
where » is the state vector of the compensator. It
is to be noted that the choices of the weighting func-
tions V', W7 and Wy are subject to the design specifica-
tions of the overall system. In this paper, the weight-
ing functions V, Wy and W5 were choosen based on
the nature of the runout disturbance i.c assuming the
runout disturbance is equivalent to a 100 Hz sinusoidal
signal, complementary and sensitivity transfer function
requirements, as shown in Figure b and they are given
by

628.3
S = _— 2
Vis) 51 628.3° (28)
9100s
5) = . 9
Wi(s) 52 + 99005 + 1e6’ (29)
5000 ‘
Wals) = ST 5000 (30)

Thus, the compensator was obtained as in the form of
cquation (27), and its cigen values were

—1.98 x 10* —564.44 —2.20 and — 6.8 x 10°. (31)
Therefore, the eigen values of the internal-loop were

—5.49 x 10° + 8.34 x 10%i, —1.12 x 10*, and — 628.3

(32)
Since all the eigenvalues are in the left-half of the s-
plane and the compensator was designed using Ho, op-
timization, the above internal-loop compensator Po can
be used along with the nonlinear state-feedback time-
optimal controller.

5 Summary of Simulation and Experimental
Results

The above nonlinear feedback control law and the
internal-loop compensator were simulated on a typical
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Figure 6: Normalized (to Full Scale)response for wide
range of Seek Length(SL) in PTOS.

3.5 hard disk model whose frequency respouse charac-
terstics were shown in Figure 2. The discretized form
of controller, compensator and plant with sampling fre-
quency 16 kHz were used in experiment and simula-
tion. The results were then compared with conventional
PTOS. The discretized plant model used in simulation

ok +1) = <_01 ;)m(k)—&— <(1)>u(k)

y(k) = (02344 0.2344) z(k) (33)
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Following the design procedure in Section 3, we choose
f1i=-0.2950 fo=0.3274 and G = 0.0692

which resulted in the closed-loop damping ratio of 0.8.
The solution of discrete Lyapunov cquation was found
as

p_ —79.9985 —77.4959
~\ —77.4959 —78.9985

The Linear feedback control law is then given by

(34)

ur, = 0.2950x1 (k) — 0.3274x5(k) + 0.0692r (35)
Finally choosing the function p(z,r) as

pla,r) = 10e~1v77] (36)

the composite nonlinear feedback law is explicitly given

by
w= (0.2950 + 77.4959p(x, r))x1 (k)
—(0.3274 — 78.9985p(x, 1) )x2 (k)
+(0.0692 + 4.266p(x, 7)) (37)
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Figure 7: Normalized (to Full Scale)response for wide
range of Seek Length(SL) in Composite non-
linear control.

The Figure 6 shows the normalized output responses
and control signals applied for various track scck
lengths by the use of the conventional PTOS method.
It is clear from the control histroy that the decelera-
tion stage is very slow which causes large time to settle
at the required track and also there is no extra control
input available for disturbance compensation.

The Figure 7 shows the normalised response with the
combined nonlincar controller and compensator for var-
ious track sccks with runout distubance approximated
as a sinc wave of frequency 100 Hz & amplitude 0.5
tracks. These results shows that the composite non-
linear control law has outperformed the PTOS based
HDD servo system .

In order to show the performance of the internal-loop
compensator alone to the runout disturbances that ap-
pears in HDD scrvo systems, simulations were done for
zero track reference and with disturbance 0.5 tracks
with frequency of 100 Hz. These results were shown
in Figure 8. The following table ie Table 1, shows the

Table 1: Seek Time from Simulation and Implementation

Results.
TSL ST (mscc) % decrease | ST from IR
PTOS CNC using CNC
100 215 1.90 11.6 1.95
300 3.41  2.30 32.5 2.85
500 4.45  3.90 12.3 4.10
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Figure 8: Response for 100Hz & 0.5 tracks runout distur-
bance.

pereentage decrease in seck time in simulation with the
composite nonlinear controller (CNC) over the PTOS
method. Also, it shows the seck time from the imple-
mentation results (IR) using composite nonlinear con-
troller.

The implementation results were obtained from the ex-
periment on a typical 3.5-inch hard disk drive. Figure 9
shows the implemetation results for 100 track seek using
the composite nonlincar controller. Our controller was
implemented on an open hard disk drive with a TMS320
digital signal processor (DSP) with a sampling rate of
16 kHz. The R/W head position was measured using a
Laser Doppler Vibrometer (LDV) and the track width
was assumed as 1pm and hence the track density was
assumed as 25,000 TPI. The experimental results were
in line with simulation results.

6 Concluding Remarks

A method to improve the seek time of hard disk drive
servo system has been proposed in this paper. The
proposced method used nonlinear state feedback control
which increases the damping ratio as the head appo-
raches the desired track. This resulted in decrease in
the seek time. Also, an internal-loop compensator was
designed via H, optimization suppressed the runout
disturbances and improved the robustness. The experi-
mental results shows that the proposed method has less
seek time than the conventional method. The problem

100}

Track width: 1 micrometer.
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Figure 9: Experimental results for 100 track seek with
nonlinear feedback control.

of mode switching in HDD servo systems was climinated
with the use of the composite nonlincar controllers.
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