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1. Introduction

One of very popular data storage devices in
a computer system is a hard disk drive (HDD)
which has a development trend foward high
copacity, small form factor, fast data access
time and more reliability. A HDD has major
mechanical parts such as the base, cover,
spindle motor, voice coil motor (VCM), actua-
tor and disks as seen in Fig. 1 The actuator
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conslsts of heads/suspensions, arm and a coil
while the VCM consists of a coil and a couple
of magnets and yokes,

In a computer hard disk drive, data are
read or written on a spinning circular hard
disk by heads which are positioned by a
rotary moving coil actuator. The position of
the head in the actuator is controlled by a
servo control algorithm. When the servo con-
trol algorithm is designed for a HDD, the
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Fig. 1 Configuration of a computer hard disk drive.

electrical Bode plot is very useful.

The electrical Bode plot is affected by the
mechanical system because the Bode charac-
teristics of the servo control are closely related
with the dynamic performance of a structure.
Generally speaking, high frequency peaks in a
Bode plot are mechanical contributions while
low frequencies peaks are electrical. However,
all the mechanical resonance peaks do not
show up in the electrical Bode plot, because
the Bode characteristics are influenced by only
the mechanical resonance frequencies which
have a great role in the in-plane motion. This
in-plane motion results in the relative dis-
placement between the target head position
and the target track, which is often called the
off-track. The off-track generates the position
error signal (PES). :

The modal test with an impact hammer is
useful to identify natural frequencies and
mode shapes of mechanical structures. This
test is easy to handle, appropriate for a small
structure like the HDD, and especially essen-
tial to identify the mode shapes of each part
of a whole structure under the assembled con-
dition. Use of the sine sweep method is very
hard to identify the mode shapes of a single
part in a whole system under the assembled
condition: for example, a cover or base of a
HDD,
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In this study, the electrical Bode plot is
compared with the mechanical transfer func-
tion from the modal test to identify the peaks
in the electrical Bode plot for the servo control
system of the HDD, Furthermore, the struc-
tural modification is carried out to improve
the electrical Bode characteristics, based upon
the natural frequency and mode shape of the
HDD base.

2. Electrical and Mechanical Fregquency
Response Functions

A very practical and important approach to
analysis of a system is the frequency response
method which gives us insight to design the
servo control system of the HDD and to modi~
fy the HDD structure. The frequency response
of a system is defined as the steady-state
response of the system to a sinusoidal input
signal. The sinuscid is an input signal and the
resulting output signal for a linear system is
also sinusocidal in the steady-state; it differs
from the input wave form only in amplitude
and phase angle.

An advantage of the frequency response
method is the ready availability of sinusoid
test signals for various ranges of frequencies
and amplitudes. Thus the experimental deter-
mination of the frequency response of a sys-
tem is easily accomplished and is the most
reliable and uncomplicated method for the
experimental analysis of a system. The
unknown transfer function of a system can be
deduced from the experimentally determined
frequency response of a systme. ¥

Both the mechanical and electrical frequen-
¢y responses functions are considered to
improve the servo control characteristics of the
HDD. The mechanical frequency response
functions are obtained by the impact test
while the electrical frequency response is
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obtained by the electrical sine sweep test.
Furthermore, the analysis of frequency
response functions leads to the modal analysis
which gives us the information on structural
modification of the HDD.

2.1 Electrical Frequency Response Plot:
the electrical Bode plot

The electrical frequency response function
for the serve control of the HDD is often rep-
resented by the Bode plot. With a servo con-
trol algorithm, the position of the head is con-
troled on the hard disk which has data
tracks. Fig. 2 shows the measurement system
for the Bode plot of the head position control.
The input of the system is the sinusoidal cur-
rent from the function generator while the
output is the PES for off-track between the
target head position and the target track on
the disk. The function generator provides the
sign sweep of the current signal. The output
signal which is detected by the head is ampli-
fied by the amplifier. With these signals, the
frequency response function, i.e,, the Bode
plot is obtained by using the spectrum analyz-
er (HP3563A),
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Fig. 2 Measurement system of the electrical Bode plot
for the servo control of the HDD head posi-
tion.

The Bode plot of the open-loop transfer
function for the HDD servo control system
contains much information about the behavior
of the closed-loop system. The plot is easily
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generated even for higher-order systems and
it allows the proper control gain to be selected
simply by adjusting the scale factor on the
plot. The Bode plot is the logarithmic plot
which is widely used alternative to the linear
Cartesian and polar forms because it is a par-
ticularly descriptive form of logarithmic plot
to represent frequency response data." Sup-
pose that the open-loop transfer function in
the frequency domain G(®)can be written by

Gjw) = |G(w)e™ @

where j is equal to /-1 and ¢ (@is the phase
angle. The natural logarithm of (1)is

InG(jo) = ING(w)|+ j¢(w) ?)

The logarithm of the magnitude is normally
expressed in terms of the logarithm to the
base 10:

3

where the unit is decibel (dB). The Bode plot
is a diagram where the logarithmic gain in dB
and the phase angle ¢ (®) are plotted versus
the frequency.

In the analysis of Bode plot for the HDD
servo control, we often confront the aliasing
problem. Sampling for the digital data analy-
sis 1s usually performed with equally spaced
intervals. The problem then is to determine
an appropriate sampling interval. Sampling at
points which are too far apart leads to confu-
sion betweeq the low and high frequency com-
ponents in the original data. This problem is
called the aliasing. It constitutes a potential
source of error which does not arise in direct

Logarithmic gain = 20 log,,|G(w)]

analqg data processing, but is inherent in all
digital processing which is proceeded by an
analog to digital conversion. Assuming that a
sampling interval is h, the highest frequency
which can be defined by sampling at a rate of
1/h samples per second is 1/2h Hz. Frequency



in the original data above 1/2h Hz will be
folded back into the frequency range from 0
to 1/2h Hz, and be confused with data in this
lower range. This frequency is called the

Nyquist frequency or folding frequency given
by

f:=1

> Q)

For any frequency f in the range 0 < f < f,
the higher frequencies f, which are aliased
with { are defined by

fo=2nf.=f

where n is an integer. ©

®)

2.2, Modal test of the HDD using the
impact hammer

A popular modal test for a small structure
such as the HDD is through use of an impact
hammer. Although this type of test places
greater demands on the analysis phase of the
measurement process, it is a relatively simple
means to obtain the mode shapes and natural
frequencies. The equipment consists of an
impact hammer, an accelerometer, two ampli-
fiers and a spectrum analyzer. Usually, a set
of different tips and heads of an impact ham-
mer serve to extend the frequency and force
level ranges for testing a variety of different
structures. The useful range may also be
extended by using different sizes of impact
hammers, @

To take the modal test with an impact ham-
mer, a measurement system 1s set up as
gshown in Fig. 3. The HDD under the assem-
bled condition is hung with a rubber band to
get rid of the boundary effects: that is, the
free boundary condition is provided by this
configuration. When the HDD is fixed on the
fixture which is made of a solid material, the
boundary effects may be introduced. Input
signals are from a force transducer in the
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Fig. 3 Measurement system of the mechanical fre~
quency response function for the HDD base
under the assembled condition.

impact hammer while output signals are
picked up by the accelerometer on the base of
the HDD. Since these signals are very small
charge quantities from piezoelectric elements,
they need to be transformed into voltage sig-
nal and to be amplified: two conditioning
amplifiers are used for this purpose. The
input and output are connected to channels 1
and 2, respectively, of the spectrum analyzer
(HP 3563A) which measures the mechanical
frequency response functions.

During the measurement, two kinds of win-
dows are used to obtain reliable mechanical
frequency response functions: the forced win-
dow is used for the input signal while the
exponential window is used for the output sig-
nal. It is well known that two signal process-
ing problems inherent in the impacting test
are noises and leakage. Noise can be a prob-
lem in both the force and response signals and
is mainly a consequence of a long analyzer
time record. Leakage is of most concern in the
response signal and is a consequence of too
short time record. These two problems may
occur separately due to range of the test and
the analyzer transform size.” Special force
and exponential windows have been developed
for impact testing to reduce noise and leak-
age.” The reference 8 discusses proper appli-
cation of these windows while pointing out
common errors. Guidelines are developed for
setting the width of the force window and
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Fig. 4 Impact points on the HDD base in the modal
analysis.

selecting the decay rate of the exponential
window.

Fig. 4 shows the impact points on the base
of the HDD and the accelerometer is attached
on the point 3. The points in Fig, 5 are corre-
sponding to the points in Fig. 4 if it is
assumed that we loock at the base from the
top. It is important that the test should be
performed under the assembled condition,
because the boundary conditions are changed
if only the base is separated and tested alone.
Therefore, the base shown in Figs. 4 and 5 is
put together with the cover, spindle motor
and actuator.

The preliminary modal test for the structur-
al dynamic resonance shows that there exist
two natural frequencies in the range between
2 kHz and 4 kHz: namely, there is no reso-
nance below 2kHz of the base under the

—THICK PART

Fig. 5 Configuration of the impact points on the HDD
base (shown from the top).
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assembled condition, Therefore, it is -reason-
able for the frequency response function to be
measured in the frequency range from 2 kHz
to 4 kHz hecause this helps to obtain more
accurate test data.

3. -Analysis and Discussion

Fig. 6 shows the magnitude, i.e., gain of
the electrical ‘Bode plot which has two peaks
at 2549 Hz and 3771 Hz in the high frequency
region. The fluctuation in the low frequency
region may be the effect from the electrical
noise. Therefore, to improve the Bode charac-
teristics, the peaks in the high frequency
region should be removed or at least it is
desirable that their magnitudes are reduced
and shifted to the higher frequency region. In
an ideal case, the curve in the gain-frequency
diagram of the Bode plot should be a straight
line.

Since the other parts of the HDD except the
base, such as the actuator, suspension, cover
and spindle motor, do not have resonance
around the frequencies corresponding to the
peaks shown in Fig. 6, a focus of the modal
test is put on the base which has connction
with the actuator. Fig, 7 is one of the
mechanical transfer functions and the modal
test result is summarized in Tables 1 and 2
which show that the first natural frequency is
2462 Hz and the second natural frequency is
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Fig. 6 Electrical Bode plot for the head position servo
control in the HDD.



16':'55%5-53 15Avg O%Ovip  Fr/Ex Table 2 Magnitudes and phase angles of the fre-
= quency response function for the second
™\ e " mode (3615 Hz).
a8 T
Point Magnitude Phase angle | Point Magnitude Phase angle
-48.0 (dB) (degree) (dB) (degree)
Fxd x 3% Fiz T 1 -10.15 -103.52 14 14.92 9383
2 11.74 7492 15 6.82 -133.41
JEQ RESE 15Avg 0%Odp _ Fr/Ex 4 3.27 1820 | 16 1290 133.59
[ N 5 893 246 | 17 2160 16112
Phase ™ \ \ 6 9.89 -38.74 18 6.71 -137.56
Deg < 7 479 149.96 19 3.33 -116.50
— - 8 £.27 3052 | 20 1.24 -162.42
180 N 9 7.81 -51.48 21 154 139.68
Tl 5 £ e 10 1634 -47.62 22 822 15074
i . ) 1 143 113,95 23 9.11 -126.84
Fig. 7 Mechanical frequency response function of 12 12.95 122.08 24 579 127.95
the base. 13 6.45 105.96 25 8.14 169.01
second mode shapes, respectively, for the base
Table 1 Magnitudes and phase angles of the fre- of the HDD under the assembled condition. In

quency response {unction for the first
mode (2462 Hz).

Point Magnitude Phase angle | Point Magnitude Phase angle
(dB) {degree) (dB) d

1 595 42.08 14 29.46 58.77
2 21.01 -117.18 15 27.13 63.79
4 12.83 «136,2 16 27.85 5838
5 23.20 70.55 17 31.84 70,53
[ 3113 5954 18 26.64 79.34
7 17.27 78.15 19 18.09 58.05
8 9.7 168.19 20 18.25 57.98
9 16,05 16242 21 -4.26 113.80
10 27.08 77.28 p3 -0.86 -107.98
11 23.52 55.61 23 24.75 -120.59
12 29.64 64.11 24 11.96 -§9.81

__E 29719 64,62 25 19.23 19.51

3615 Hz. Based upon the magnitudes and
phases of the each point shown in Tables 1
and 2, the approximated mode shapes can be
obtained. As number of the impact points
increases, more accurate mode shapes is
obtained. Figs. 8 and 9 show the first and

Fig. 8 First mode shape of the base under the assern-
bled condition,
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these figures, the points on the cross sign (X)
and the points on the circle sign (©) have the
opposite signs of the phase angles each other.
Using the magnitude and phase data, we can
obtain the nodal lines which are drawn by the
solid lines in Figs. 8 and 9.

Comparing the peak frequencies in the elec-
trical Bode plot with the mechanical natural
frequencies of the base under the assembled
condition, they well coincide each other: the
comparison between the frequencies of the
electrical Bode plot and the natural frequen-
cies is given in Table 3, which shows that the
differences are less than 5%. Consequently, it
is tentatively concluded that two peaks in the
Bode plot are related with the mechanical res-
onance frequencies.

Fig. 9 Second mode shape of the base under the

assembled condition.
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Table 3 Comparison of the peak frequencies between
the electrical Bode plot and the mechanical
frequency response function,

First Mode  Second Mode
Electrical Bode plot 2549 Hz 3771 Hz
Mechanicai frequency 2462 Hz 3615 Hz
response function
Ditference 3.4% 4.1 %

The aliasing problem often arises in the
measurement of the Bode plot. Therefore, it is
necessary to check whether the peaks in the
electrical Bode plot are aliased peaks or not,
The sampling frequency, f,, of the HDD sys-
tem is given by

fi=N&, (6)

where N, is the servo sampling track number
and Q. is the rotating speed of the spindle
motor in Hz, For the HDD considered in this
study, the sampling track number and the
spindle motor speed are 72 and 5400 RPM,
respectively. Hence, the sampling frequency is
caleulated as {;=6480 Hz. On the other hand,
since the sampling frequency is double the
Nyquist frequency f,, the Nyquist frequency
is equal to 3240 Hz. From (5) with n=1, the
aliased frequencies of 2549 Hz are calculated
as 3931 Hz and 9029 Hz while the aliased fre-
quencies of 3771 Hz are 2709 Hz and 10251
Hz. The aliased frequencies, 9029 Hz and
10251 Hz, are beyond our interest because
they are very high frequencies in the HDD
structure. However, the aliased frequencies,
2709 Hz and 3931 Hz, are somewhat close to
the peak frequencies in the Bade plot. In
other words, the first peak seems to be an
aliased peak of the second one in the Bode
plot.

It is valuable to inverstigate why the reso-
nances of the base affect the servo control
characteristics, i.e., the Bode plot for the
head position control of the HDD. As seen in
Figs. 8 and 9, the nodal lines pass around the
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pivot point of the actuator and the center
spindle motor. The opposite signs of the phase
angles across these nodal lines result in the
relative displacement between the head of the
actuator and the disk on the spindle motor.
Apparently, the relative displacement gener-
ates the off-track between the target head
position and the target track on the disk so
the off-track effect is detected as the PES
which influences the Bode characteristics
directly, It is noted that the point on the
nodal line generally has no displacement for
the normal direction. However, considering
the relative in-plane displacement between the
head and the disk, it is closely related with
the sign changes for the phase angles of the
points around.the centers of the pivot and
spindle motor. Fig. 8 shows that one of the
nodal lines passes through the pivot area
because the left part of the base shown in
Fig. 8 is thinner than the part around the
spindle motor. The other nodal line of the
first mode passes through the spindle motor,
which results in the in-plane displacement of
the disk. Although the base part around the
spindle motor is thicker than the left part,
there exists a big hole for the spindle motor.
Hence the nodal line passes through the spin-
dle motor area. The similar discussion can be
made for the second mode shape.

A structural modification is performed to
improve the Bode characteristics of the head
position servo control in the HDD system. A
simple way to modify the base is to make it
thicker; however, in a practical design it is
not plausible because the form factor of the
HDD is restricted for the mechanical compati-
bility. Moreover, other parts such as the voice
coil motor and the actuator allow small room
for the structural modification. Using the
structural modification, it is desirable that
those two peaks in the Bode plot are reduced



Fig. 10 Structural modification to reduce the effect of
high frequency peaks in the electrical Bode
plot.

in magnitude and they are shifted to higher
frequency region. As shown in Fig. 5, the
region of the base around the actuator pivot
point is relatively flexible because the nodal
lines are across this region. In order to reduce
the effect of two peaks in Fig. 6, it is recom-
mended to modify the structure as shown in
Fig. 10 where thick solid lines indicate the
modified shape of the thick part. Increasing
the thick area around the pivot point provides
more stiffness to the base plate which sup-
ports the spindle motor and actuator. This
modification does not result in mechanical
interference among the parts such as the
actuator and VCM. With the modified base of
the HDD, the electrical Bode plot is measured
as seen in Fig. 11 which shows that the peaks
in the high frequency region are shifted to
2989 Hz and 4004 Hz and that their magni-
tudes are reduced. Therefore, it is concluded
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Fig. 11 Electrical Bode plot for the head position
servo control with the modified base,
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that the peaks of the electrical Bode plot in
the high frequency region result from the
mechanical resonance,

4, Conclusions

In this study, the electrical Bode plots and
the mechanical frequency response functions
are measured by the experiments in order to
improve the servo control characteristics of the
head position in the HDD. This paper identi-
fies two high frequency peaks in the electrical
Bode plot which result from the mechanical
resonance of the HDD structure. The first and
second peaks of the electrical Bode plot in the
high frequency region are well matched with
the peaks corresponding to the first and sec-
ond modes, respectively, of the mechanical
frequency response function.

To improve the dynamic characteristics of
the system, the structural modification is per-
formed for the base structure of the computer
hard disk drive. This medification does not
incur interference among parts such as the
actuator and VCM but it provides sufficient
stiffness to the base so that better perfor-
mance of the head position servo control is
obtained.
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