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A Temperature-Dependent Multi-Rate Robust Controller
for Hard Disk Drives

Keitaro OHNO™ and Shinji HARA®

This paper is concerned with practical ways of design and implementation of an H controller for hard disk

drives (HDDs). In spite of its efficiency in terms of systematic design capability, the Ho, method is not thoroughly

introduced in HDD industry. The reasons are thought to include 1) difficulties on the measure to the changes of

mechanical resonant characteristics by temperature fluctuation that tend to make the H., controller conservative,

2) considerations on a computational saving multi-rate implementation, 3) difficulties on maintaining the con-

troller after design. A temperature dependent uncertainty model for a standard continuous-time Ho, design, and

a frequency division technique for re-design of the resultant controller with multi-rate and temperature-dependent

implementation, are proposed as keys to overcome to those problems. The effectiveness is confirmed by several

experiments as well as simulations which show that the proposed controller can improve the positioning accuracy

compared to the standard multi-rate controller.
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1. Introduction

One of the limiting factors to the servo performance of
hard disk drive (HDD) head positioning systems is the
existence of several mechanical resonant modes in actu-
ators. These resonant modes must be compensated by
a filter with sufficiently wide and deep frequency charac-
teristics in order to guarantee the robust stability, while
the compensation deteriorates the positioning accuracy.
Consequently, it is requisite to balance two contradictory
issues with careful considerations on exogenous distur-
bances and model uncertainties.

This naturally leads the HDDs industry to introduce
Hoo based control design D~5), However, in spite of their
efforts and the efficiency of the design method in terms
of systematic design capability, the H. method is not
thoroughly introduced in HDD industry. The reasons are
thought to include 1) difficulties on the measure to the
changes of mechanical resonant characteristics by tem-
perature fluctuation that tend to make the H controller
conservative, 2) considerations on a computational saving
multi-rate implementation, 3) difficulties on maintaining
the controller after design.

Our first proposal toward those problems is about how
to deal with the temperature fluctuation. Some com-

mercial drives have 5% variation in resonant frequency,
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while the total variation including the unit-to-unit varia-
tion is around 10%. In this paper, we propose to separate
such a temperature-originated uncertainty from total one
by obtaining a simple temperature dependent uncertainty
model (TDUM).

Our second proposal is a technique that we call fre-
quency division technique (FDT), and it is related to two
issues. One is how to re-design the resultant H., con-
troller as temperature dependent filter, and another one
is about the multi-rate implementation that reduce the
computational cost in practice. The FDT is based on the
following observation. The filter to be temperature depen-
dent may be decoupled from other parts. Also it domi-
nates the fast modes since it treats the resonant modes in
the higher frequency range while other parts dominate the
slow modes. The slow modes may be operated in a rather
slow sampling frequency while the fast modes should be
operated in a sufficiently fast sampling frequency 2

The two proposals above also contribute to the main-
tenance capability since most of its difficulties come from
the measures to the changes of the resonant characteris-
tics after Hoo design. In our proposed controller, we can
just re-design the high-rate filter instead of following all
the Hoo procedure.

Our design procedure is as follows. First, we obtain
a TDUM based on the frequency responses. We apply
a standard continuous-time Ho, control design with D-
scaling. Secondly, we divide the resultant H., controller

into a series of several filters depending on the frequencies

of its poles and zeros, so that we can use a part of them



as a notch-type filter. Thirdly, we modify the notch-type
filter as a function of temperature by using a TDUM. Fi-
nally, we apply an up-sampler to the notch-type filter.
Our final multi-rate digital controller consists of a low-
rate fixed controller and a high-rate temperature depen-
dent notch-type filter. With this configuration, we can
obtain an efficient temperature dependent controller with
computational saving multi-rate implementation.

The effectiveness will be confirmed by both simulations
and experiments, which show that the proposed controller
can improve the positioning accuracy compared to con-
ventional standard multi-rate controller.

This paper is organized as follows. We first describe a
way of uncertainty modeling of HDDs and clarify the tem-
perature dependency and obtain a TDUM in Section 2.
Section 3 is devoted to the Ho, control design with D-
scaling followed by controller order reduction by a least
square fitting. In Section 4, we first explain the basic
idea of the FDT, and then provide a practical design of a
computational-saving temperature-dependent robust con-
troller. The resultant controller is evaluated through ex-

periments as well as a set of simulations to confirm the

effectiveness of our proposed scheme in Section 5.
2. Modeling a target HDD

The positioning mechanism of HDDs ") consists of mag-
netic disks, magnetic heads, arms, and a voice coil motor
(VCM) as illustrated in Fig.1. Position data is embed-
ded on the disk itself whose area is called servo frame,
and they are aligned between sectors like the spokes of
a wheel. The measurement signal or the position error
signal (PES) can be obtained when the head crosses the

servo frame.

Magnetic Head

Head Suspension

Spindle Motor
Magnetic Disk
Voice Coil Motor

Fig.1 Hard disk drive

Our goal is to improve the positioning accuracy during
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the track-following operation. This requires the distur-
bance rejection performance to be optimized. Thus, care-
ful investigation on estimating the disturbances is requi-
site. Fig.2 shows the mean spectrum of the estimated
disturbances of a target drive with 7,200rpm and 11kHz
sampling, which is calculated from the PES for several dif-
ferent positions for all the heads of several different hard
disk units. Notice that all the exogenous disturbances

are assumed to be additively input in the plant output as

implied in this figure.

-20

‘ ‘ ‘ ‘ 40

<— Estimated Mean
Disturbance

20

3 -40y [Ws| Gain (dB) —>

N

I

3 -50f 10

S

a

& -60f 0
70t -10
_80 L L L L _20

0 1000 2000 3000 4000
Frequency (Hz)

Fig.2 Estimated mean disturbance spectrum and weighting
function Ws for H design

The head suspension system including the arms, the
magnetic heads, and the VCM normally has two to three
resonant modes at around 5 to 8kHz ®. Our case is not
the exception as we can see from the measured frequency
response of the plant in Fig. 3. Experimental data are ob-
tained by using 15 different units at two different tracks
each (inner/outer of the disk) with two different heads
each under 13 different temperature conditions ranging
from O to 60 degree-C. The nominal model is obtained

by applying a standard curve fit method to an averaged

frequency response as follows.

LK

2
1
P(S)—k S_2+Z;S2+2Ciwis+w?

where k is a constant gain, and (;,r;, and w; are i-th

e_TdS, (1)

mode damping factor, residue, and resonant frequency,
respectively. The time delay, denoted by Ty, includes the
effect of delay caused by zero-order hold (ZOH), which
is half of the sampling period. We approximate the time

—Tgs

delay factor e by a second order transfer function by

using Padé approximation %) as follows:

—1ys  (s° —6.818 x 10*s + 1.55 x 10°)
T (52 +6.818 x 10%s + 1.55 x 10%)’

(2)



where Ty = 88us.
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Fig.3 Measured plant frequency responses and its nominal
model

Table 1 shows the nominal plant parameters. These
parameters are identified from the results in Fig. 3. Each
parameter has a certain level of perturbation, but what
is remarkable 1s the perturbation for the first mode reso-
nant frequency wi as illustrated in Fig. 3. The perturba-
tion level reaches up to 10%, and is the primary cause to
hinder boosting up the servo bandwidth. However, when
the temperature is maintained, the perturbation level is

reduced by half from 10% to 5% as is shown in Table 2.

Table 1 Nominal plant parameters

F. | Sampling frequency 11kHz
w1y | 15t resonant frequency 5200Hz
wa | 279 resonant frequency 6100Hz
¢1 | 1%t resonant damping factor 0.02

¢5 | 27¢ resonant damping factor 0.01

r1 | Residue of 15t resonant mode -1.2

ro | Residue of 2”9 resonant mode -0.2

k | Constant gain 1.3x108
T4 | Time delay including ZOH effect | 88us

Table 2 Perturbation of first mode resonant frequency

Temperature range (degree-C) | Perturbation level (%)
0~ 60 10

maintained within + 1 5

Now, let us discuss the TDUM. A lot of dotted lines
in Fig.4 are the multiplicative errors of the plant when
the temperature is maintained, and the bold solid line
is the maximum perturbation which covers all these dot-

ted lines. On the other hand, the maximum perturbation
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model for the case when the temperature is not main-
tained is depicted as a thin solid line. By comparing these
two maximum perturbation models, we can see how much
conservativeness in the design is reduced by considering
the temperature dependency. Moreover, the relation be-
tween the resonant frequency and the temperature is pa-

rameterized as

wy = —10- Ty + 5500,

(3)

where T, 1s the disk enclosure temperature. The effective-
ness of using the TDUM will be discussed in Section 4
and confirmed by simulations as well as experiments in
Section 5. Notice that, from the authors experiences,
although the temperature dependence of almost all the
HDD models can be parameterized as a linear function
as in (3), it does not necessarily have to be linear and

any kind of function can be dealt with by the proposed
method if it is implementable on the on-board MPU/DSP.
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Fig.4 Multiplicative error of the plant, maximum perturba-
tion model, and weighting function Wt for H o, design

3. Heoo control design with D-scaling

In this section, we will describe the robust design
method that we apply, which is the continuous-time Ho
control design with D-scaling.

The generalized plant proposed is depicted in Fig. 5,
where y and u are the controlled output and control in-
put, respectively. Notice that P is expressed as (1) with
parameters given in Table 1. This configuration is in-
tended to evaluate the unstructured model uncertainty as
multiplicative error wi by the signal z; for robust sta-

bility and the exogenous disturbance ws by the signals

zo for the disturbance rejection performance. Hence, the



corresponding weighting functions, W, and W;, are de-
signed to fit the maximum perturbation model in Fig. 4
and the estimated exogenous disturbance model in Fig. 2,
respectively, as shown in those figures. These fitting pro-
cedures have been done by using the frequency domain
least square fit method with some criteria for their order.
The resultant functions have the orders of 9 and 4 for W,

and W;, respectively.

u 4—»0—» P

Fig.5 Hoo control problem configuration

Notice that we have taken special consideration on the
setting of these weighting functions. Regarding Wi, it
is required to have a pole on the origin in order to have
the system to be a type 1 servo system, which can reject
the biased disturbance. A pseudo integrator (s + 5)_1 is
considered here to avoid the computational difficulty 10),
The parameter ¢ is set large enough to make the solution
feasible but small enough so that the pseudo integrator
becomes an exact one when it is implemented to the ac-
tual HDD, of which the onboard MPU/DSP is operated
in a fixed point format. Concerning another weighting
function W;, the gain at frequency range higher than the
Nyquist frequency is set higher than maximum pertur-

bation model to have a sufficient roll-off. The resultant

weighting functions are as follows.

0.132(s45633) (s45386) (s+2580)°2

We(s) = (s+1x10-5)(s+1956)(s+628)2 (s+130)
(s242.38x10%s42.89 x108)
(s242.38x10%s42.90x108) '
(s241.70x10* s42.88 x108) (4)
(s2+1.51x10%5+2.88 x108)?

W, (s) _ 1.90(s?+3.36x10%s43.72x10%)

t T (s241.95x10%549.16 x10%)
5242.42x10%41.11x10°)

(524 1.48x10%54+1.53%109)

Through the use of the functions above, a desired con-
troller has been obtained by using D-K iteration algo-
rithm 'Y, where a 5" order scaling transfer function is
used. Fig.6 shows the results for v = 1.192. The result
violates the specification to some extent. However, we
may ignore it because of the following reason. The max-
imum perturbation model is obtained by using the least

square fitting technique as in Fig.4. Because the order

of the weighting function should be as low as possible, it
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cannot be fit exactly to the maximum multiplicative er-
rors. Consequently, there exists some gap between actual
maximum multiplicative errors and the weighting func-
tion, which works as a margin. We found that the margin
in gain at around the nominal resonant frequency is more
than 2dB, thus we concluded that the violation could be

ignorable.
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Fig.6 Specifications and results

The order of the obtained controller was 31, which is
not low enough to be implemented on our onboard mi-
croprocessor. Here, we use a way of model reduction that
considers about the multi-rate implementation (see Ap-
pendix A). We obtained a 9" order controller, where the
band limited Hs norm of error H, was 0.12, which is

very small and hence ignorable.
4. Frequency division technique (FDT)

In this section, we will explain the basic idea of the
proposed frequency division technique (FDT), which in-
cludes a temperature dependent filter design and multi-
rate digital implementation, and then explain the detailed
procedures.

Basic idea of FDT
The Ho controllers for HDDs can be divided into two

parts depending on the frequency of its poles and zeros,

4.1

i.e., the reduced order controller K (s) represented by

ITZ, (cis+di)
[T, (ais+b;)

can be rewritten as

K (s) = (5)

K(s) = Ki(s) - Kn(s)

with
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. _ (eistdi)
Ki(s) = H;:Dl(a st+b,)
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Bh(s) = =k

[I_ (aston”

Ki(s) is a lead-lag type main controller which governs
the dominant characteristics in the frequency range within
the servo bandwidth, while i} (s) is normally a notch type
filter which compensates the resonant modes in the higher
frequency range.

Therefore, a temperature-dependent filter can be de-
signed by manipulating the poles and zeros of Kp(s) by
using (3). Detailed discussion will be followed in the next
subsection.

On the other hand, in order to have a discrete equiva-
lent of K (s), we have to up-sample the controller, because
K (s) tends to have poles and zeros in high frequency re-
gion. In this sense, computational saving multi-rate dis-
crete equivalent can be obtained by simply up-sampling
only Kn(s). It is because K;(s) is derived so that it gov-
erns low frequency characteristics and does not have to
be up-sampled. We will elaborate on it in Subsection 4.3.

Consequently, we can handle two concerns (tempera-
ture dependent uncertainty and multi-rate implementa-
tion) at the same time by the FDT.

4.2 Temperature dependent filter design

Fig. 7 shows the result of the operation (6) for the nom-
inal temperature case. Notice that, to increase the reso-
lution of appearance, the phase in this figure as well as
Fig. 10 and Fig.15 are shown by wrapping up the raw
data by 180 degree, which results in the existence of some
jumps where the phase crosses the multiple of 180 de-
gree. In this case, the order of Kp(s) is 4, which means
it consists of two 2™¢ order notch filters as we can see
from the figure. The transfer functions for these resultant
controllers are as follows:

0.753(s4254) (5% 487.2546966)

Al(s) = (s+1><10_5)(s+59.7)gs+173.5)(s+786.92 ’
(s242802543.77 x10°)
(s+1.16 x10%)
K ( ) _ 0.568(s2+19305+1.07><109). (8)
h\S) = —Zieo18s17.334x108)

(s241466541.462x10°%)
(s24+13565+1.41 x109)

We now design a temperature dependent filter by mod-
Al-

though we can design Kn(s) as a function of T,, by

ifying the poles and zeros of the filter Kj(s).

using (3), we designed three fixed filters for simplicity
that correspond to three fixed temperature zones, namely,
low temperature 77, nominal mid temperature Ths, and
high temperature Ty. In other words, we designed
Kn(s,TL), Kn(s,TM), Kn(s,TH) instead of Kn(s,Tw).

From the nominal case Kj(s,Tar) in (8), we can design
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Fig.7 Result of model division

Kyn(s,TL), Kn(s,TH) by modifying the frequency of the
poles and zeros of the filters by +5% for the lower tem-

perature zone to have

0.568(s?+20265+1.18 x10%)
(s2472645+8.09x108)

(s241466541.46x10°)
(s2413565+1.41x109)

[th(s, TH) =

©)

and by —5% for the higher temperature zone to have

0.568(s?+18335+49.69 x10%)
(s2465725+6.62x108)

(s2414665+1.46x10°)

(s2+1356s+1.41x109)’

[th(s, TL) =

(10)

since the expected temperature fluctuation is around +25
degrees-C, that corresponds to around 5% from (3). The
configuration of the corresponding control system is de-

picted in Fig. 8.

-
Ty

Yref

—O0—>|

180 (Tn) }—'*\i.

K (Thr)

KW (T

K;

:

Fig.8 Feedback system with temperature dependent filter

4.3 Multi-rate implementation

We have divided the original controller into K; and K}
in the previous subsection. Now, let us introduce a multi-
rate scheme as depicted in Fig.9. The control output
is first sampled at the original sampling period 7. and is
passed through the slow mode compensator K to the hold
element Hr,. Then it is re-sampled at the rate of T, /r to
deal with the fast mode filter K, where r is a positive in-
teger which denotes the rate of up-sampling. Notice that
the up-sampler is followed by a zero-order hold (ZOH) as

one of the simplest ways of interpolation to eliminate the

imaging component of the spectrum.



In this configuration, K is operated at the rate of T /r,
while K is operated at the original sampling period T%.
This means that we can reduce the computational cost
when compared to the system where all the filters are

operated at T/r.

u(t) P(s) y(t)
K (o) Eils)
U/ Multi-rate discretization

! Hr, ult) P(s) y(t) LSy !
- | | -
| | | |
P Kn[2] | | Kifz] |
| | | |
| T S - L H ‘ |
| T O |
| | | |

Operated at fast rate

Operated at slow rate

Fig.9 Block diagram of multi-rate robust control system

All the filters, Kn(Tw), Kn(Tw), Kn(Tr), and K, are
separately discretized by phase matching method '?) at
the sampling periods of T./2 and T, respectively, i.e.,
r = 2. The resultant controllers are as follows.

- 0.0947(2—0.978) (2—0.98) (2—0.996
Ki(z) = (z—l)((z—O.995))((2—0.985))((2—0.934)) ’
(22-1.76240.784)
(240.158)
0.558(22—0.287240.943) (22 40.17372+0.963)
(22-0.689240.789) (2240.110240.965)

(11)

Kh(z) =

where K3(z) is for Tp,.

The frequency response of the original controller K (s)
is compared in Fig. 10 to that of the proposed multi-rate
controller, which is calculated by deriving its generalized

13),14) " We can see that the deterioration

transfer function
from the original controller is reasonably small.

Fig. 11 plots the closed-loop frequency responses of the
up-sampled system. As can be seen from the figure, the
obtained discrete-time system still meets the specifica-
tions and is consistent with the continuous-time system

(see Fig. 6).
5. Simulations and Experiments

The designed controller is compared to a multi-rate con-
troller without the temperature-dependent filter, which is
obtained by considering the thin line instead of bold one
in Fig.4 as the maximum perturbation model for Hoo
desing.

As we can see from the open-loop frequency responses

depicted in Fig.12, in the standard design, the gain of
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Fig.12 Comparison of open-loop frequency responses (sim.)

the concerning frequency range of around 5kHz is low-
ered to accommodate all the possible perturbation, which
is depicted as a thin solid line. In contrast with this, our
proposed method is aggressively designed in an attempt
to obtain the large phase recovery as much as possible.
This can greatly affect the disturbance rejection perfor-

mance in terms of sensitivity function as shown in Fig. 13.
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Fig.14 Comparison of open-loop frequency responses (sim.)
Fig. 14 compares the simulated (estimated) power spec-

tral densities of PESs. As is expected from the sensitivity
functions, the PES in the lower frequency range less than
1kHz is much improved, where this range is very impor-
tant in practice since many mechanical vibrations show
up here. By comparing these PESs, we have confirmed
that the simulated total NRRO is improved more than
5% by the use of the proposed controller.

We have then conducted experiments using a 3.57,
7,200rpm, 11kHz sampling HDD in order to evaluate the
performance of the proposed method.

Fig.15 and Fig.16 show the open-loop and closed-
loop frequency responses, respectively. We can see from
these figures that the designed controller is properly im-
plemented to the experimental setup and the resonant
modes around the Nyquist frequency are compensated
for as intended. The phase margin and the sensitivity
function have been improved compared with the conven-
tional control method, and the bandwidth of the system
has been increased at the same time. We can see that

the track misregistration has been improved as seen in
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Fig. 17 which shows the power spectrum of PES. Notice
that the improvement to the conventional one reaches up
to 20% at maximum for a specific track and 5% in average

for several different units, heads, and tracks.
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Fig.16 Closed-loop frequency responses (exp.)

In order to check the compatibility to the seeking con-
trol, we have carried out several seek control evaluation
experiments.

First, we have introduced a two degree-of-freedom seek

15), which is to intro-

control for short track seeking as in
duce trajectories for both position and control input with-
out changing the feedback controller. We have confirmed
that this scheme works well by replacing the conventional
feedback controller with our proposed one without modi-
fying anything. An example of a 36-track seek response is
illustrated in Fig. 18. Vertical axis stands for the position

where a full-scale corresponds to one track, and horizontal

one is for time. What is notable is the response marked
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by an ellipse which corresponds to the one at the last a
couple of samples at the end of the seek. From this re-
sponse, we can see that the position is settled without any
residual vibration. Notice that the response except for the
one marked by the ellipse looks random because the po-
sition measurement resolution of the digital-to-analogue
converter is set small.

st
** or-

For longer track seeking control, we utilize the 1
der low-pass filter as a reference filter in conjunction
with the IVC'®). Table 3 summarizes the results of 32-
track /average-distance seeking for read/write as well as
the off-track probability after seeking, which is defined
by the number of failures over all seek trials. It shows
that no distinctive difference can be found and it can be
concluded that the proposed following controller can be

implemented successfully from the practical point of view.
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Fig.18 36-track seek response in time-domain (exp.)

6. Conclusions

We have proposed practical ways of design and imple-
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Table 3 Seeking control experimental results

Conventional | Proposed
32-trk write seek 2.636ms 2.346ms
32-trk read seek 2.219ms 2.170ms

Average-trk write seek 8.812ms 8.971ms
Average-trk read seek 8.364ms 8.367ms
Off-track probability 1.48% 0.80%

mentation of H controller for hard disk drive head posi-
tioning systems. Introduction of TDUM and FDT make
the controller less conservative compared to the standard
H oo controllers. The FDT make the controller more com-
putational saving compared to the one when all the modes
are operated in high-rate. Also those methods contribute
to making the maintenance easier when the resonant char-
acteristics change after design. We have also shown a
practical way of combining the proposed controller with
a seeking control system.

Several experiments as well as simulations have con-
firmed the effectiveness by showing that the proposed con-
troller can improve the positioning accuracy by 5% com-

pared to the conventional standard multi-rate controller.
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Appendix A. A Controller Order Reduction

A method of model reduction for a certain frequency
range based on the least square fit (LSQF) ) is used for
controller order reduction. The procedure is given as fol-
lows:

(1)

response I{; := [f g] of the original controller K,(s)in a

Calculate the band limit (Fy1 ~ Fue2) frequency

discrete-time sense, where f € R is a column vector for
frequency, g € C? is a column vector for the response,
and p is the number of frequency step. [Ko(s) = K:]

(2) Calculate the reduced order model K (s) from the
frequency response K, using the LSQF. [K. — K (s)]

3)
W.(s) between the reduced order model K (s) and the
original one K.(s). [Ko(s), K(s) = W.(s)]

(4) Calculate the band limit (Fy1 ~ Fuy2) Heo norm
Hyp € R of Wo(s). [W.(s) = Hy]

(5) Let W.(s) be a weight for the next LSQF and

iterate from Step 1 to Step 4 several times.

Calculate the multiplicative (or additive) error



i

(6) Iterate from step 1 to Step 5 and find the min-
mum H,. Corresponding K (s) is to be the reduced

order controller.

We set Fiy1 as 0 and Fi,2 as the sampling frequency F.

because we will deal with the 2x multi-rate system in this

paper, and F; is the Nyquist frequency of the fastest rate
2F of the system.

1)

12)

13)

14)

15)

16)
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