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Low Frequency Vibration Suppression Shape Filter and High
Frequency Vibration Suppression Shape Filter

Li Zhou and Eduardo A. Misawa

Abstract— A method is presented for generating a control
command which suppresses all the resonant dynamics in a
flexible dynamic system. Residual vibration of a flexible system
can be significantly reduced. The experimental results for hard
disk drive short seek control illustrate the effectiveness of the
proposed method.

I. INTRODUCTION

Control of flexible structures has been extensively studied
in recent years. Flexible structures such as high-speed disk
drive actuators require extremely precise positioning under
very tight time constraints. Whenever a fast motion is
commanded, residual vibration in the flexible structure is
induced, which increases the settling time. One solution is
to design a closed-loop controller to damp out vibrations
caused by the command inputs and disturbances to the
plant. However, the resulting closed-loop response may
still be too slow to provide an acceptable settling time,
and the closed-loop control is not able to compensate for
high frequency residual vibration which occurs beyond
the closed-loop bandwidth. An alternative approach is to
develop an appropriate reference trajectory that is able to
minimize the excitation energy imparted to the system at
its natural frequencies.
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Fig. 1. A typical mechanical flexible system.

Fig. 1 shows a typical mechanical flexible system,
where % is an integrator, K, is a velocity constant
gain, and K, is a position constant gain. The high fre-

quency modes can be described as a transfer function

_1; bps™+by_18" 14 dbis+1 . .
R(s) = lim,—oo P — s s i 1 which an

infinite number of lightly damped resonant structures is
possible. The goal of vibration suppression trajectory gen-
eration is to find a fast input trajectory, under some physical
constraint, with minimum possible residual vibration.

The phrase “move time” refers to the time duration of the
feed forward control input, such as acceleration, current, or
voltage. Settle time means the time duration after the end of
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move time to achieve the settle criterion, for example +5%
tracking error. Seek time is the sum of the move time and
the settle time. Fig. 2 clearly shows the move time and the
settle time for a hard disk drive arm movement with open-
loop control. The top plot is the current input signal, the
middle plot is the resultant position signal, and the bottom
plot shows the position signal near the target track. In this
instance, the move time is 2.5 milliseconds (msec). Because
of the resonant structure in the flexible system, the position
signal cannot settle down immediately after the move. In
Fig. 2, the settle time is about 2.5 msec with +1% tracking
error criterion. The objective of the vibration suppression
trajectory generation is to minimize the seek time.
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Fig. 2. Illustration of move time and settle time of an open-loop control.

The same concepts apply to closed-loop control. Fig. 3
clearly shows the move time and the settle time for a hard
disk drive arm movement with closed-loop control. The
top two plots are the reference position command profile
and the bottom two plots show the real position signal. In
this instance, the ideal reference position move time of the
flexible arm is 2.5 msec. Due to the resonant structure in
the flexible system, the position signal cannot settle down
immediately after the move. In Fig. 3, the settle time is
about 2.5 msec with +1% tracking error criterion.

The position reference input can be generated in two
ways. First, it can be assumed as the integral of a vibration
suppression velocity profile. In this case, since the velocity
profile is a smooth trajectory starting and ending at zero, the
resultant position reference is a smooth trajectory. Secondly,
it can be generated from a step movement command s(t) =
S - 1(t), through a finite support filter, f(¢), 0 < ¢t < T,
where T’ is the time duration of the finite support filter. To
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Fig. 3. TIllustration of move time and settle time of a closed-loop control.

guarantee that the filtered command reaches the same set
point as the step movement command, the integral of f(¢)
must be equal to 1, i.e.,

T
‘Af@ﬁ:L M

This finite support filter f(¢), 0 < ¢ < T, which generates
a vibration suppression position reference profile is called
a vibration suppression shape filter, or simply a shape filter.
In the discrete-time case, if the finite impulse response
shape filter is f[k], 0 < k < M, the constraint reduces
to >3l fk] = 1.

A normalized vibration suppression velocity profile can
be used as the shape filter function to generate the reference
position profile. The normalization is to make the velocity
profile satisfy the constraint (1). So if there is a vibration
suppression velocity profile, v(t), 0 < ¢ < T, a vibration
suppression shape filter f(¢) can be generated by

2

The good property of this kind of shape filters is that the
shape filter itself is a vibration suppression velocity profile,
S0 it can generate a smooth vibration suppression position
reference.

A shape filter does not necessarily start and end at zero.
Fig. 4 shows a step position command, a typical shape
filter that has non-zero values at the start and end, and
the filtered position reference. Although the shape filter
smoothly changes from the start to the end, the initial value
at time zero and the final value at time 7" of the shape filter
are not zero. Furthermore, a shape filter can also be a non-
smooth function. Fig. 5 shows a step position command,
a typical non-smooth shape filter, and the filtered position
reference. It shows that the shape filter function is not
smooth from the start to the end.

It is easy to understand that the vibration suppression
position reference generated from a step command s(t) =
S+ 1(t) through a shape filter, f(¢), 0 < ¢ < T, can also be
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Fig. 4. A step position command, a non-zero start and end shape filter

and the filtered position reference.
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Fig. 5. A step position command, a non-smooth shape filter and the

filtered position reference.

generated from the integral of a scaled shape filter S - f(¢),
0<t<T,ie., s(t)* f(t) = fg S - f(r)dr, where * is the
convolution operator.

II. HIGH FREQUENCY VIBRATION
SUPPRESSION SHAPE FILTER

In the previous study [1], [2], a velocity profile is
generated which suppresses all the high frequency resonant
dynamics in a flexible dynamic system. If the velocity
profile is given by wvel[k],k = 0,...,M, then a high
frequency vibration suppression shape filter fy[k] can be
generated by

~ wellk]
fulk] = 72&() velli] 3)

Since the velocity profile vel[k] has zero initial and final
values, the resultant shape filter fx[k] also has zero initial
and final values. A high frequency suppression shape filter
with non-zero initial and final values will be reported
separately.
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IIT. LOW FREQUENCY VIBRATION
SUPPRESSION SHAPE FILTER

In a practical system, a lower resonance frequency mode
may exist which is located far from the high frequency
resonance modes as shown in Fig. 6. If the low frequency
Q; in Fig. 6 is chosen to be a bandwidth in [1], [2]
for the vibration suppression profile generation, the time
duration of the control profile is inefficiently increased. Low
frequency suppression shape filter is studied in [3]. In [3], it
shows that both the Input Shaping®1 [4], [5] and OATF [6],
[7] are special cases of a non-continuous function based
vibration_suppression shape filter. Different from the Input
Shaping® and OATF, the vibration suppression shape filter
in [3] is generated from a continuous function, so it is able
to suppress the unmodeled high frequency resonance modes
besides canceling the low frequence resonance mode if the
shape filter is designed based on a low frequency resonance
mode. However, the Input Shaping™ and OATF are not able
to suppress the unmodeled high frequency vibrations if they
are designed based on a low frequency resonance mode [3].

Low frequency High frequence
resonance mode resonance modes
Rigid mode
0 Q Q (rad/sec)

1 0

Fig. 6. Illustration of existence of a low resonance frequency mode located
far from the high frequency modes in a flexible system.

IV. VIBRATION SUPPRESSION SHAPE FILTER
TO SUPPRESS ALL THE RESONANT DYNAMICS
IN A FLEXIBLE SYSTEM

A vibration suppression shape filter to suppress all the
resonant dynamics in a flexible system is generated in this
section. If the high frequency vibration suppression shape
filter is given by fglk],k = 0,1,...,M, and the low
frequency vibration suppression shape filter is given by
frlk]l,k =0,1,..., N, then a vibration suppression shape
filter to suppress all the resonant dynamics can be generated
through a filter operation as shown in Fig. 7. The filtering
operation is mathematical convolution in the time domain

Input Shaping® is a registered trademark of Convolve, Inc. in the
United States. When this technique is referred to in this report, the terms
“input shaping” or “input shaper” are used.

and multiplication in the frequency domain. The resultant
vibration suppression shape filter is

JIE] = fu * folk], 4)

k
= fulk—ilfclil, k=0,1,....M+N. (5
=0
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Low freq vibration
P
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Fig. 7. Generation of a vibration suppression shape filter.

V. EXPERIMENTAL RESULTS FOR HARD DISK
DRIVE SHORT SEEK CONTROL

A. Open-Loop Resonant Dynamics and Experiment Setup

The disk drive used for the experiment is produced by
Conner. The model of the disk drive is CP3000 and the
series number is ES9JKA. The equipment used to set up
the experiment is shown in Table I. The open-loop of the
actuator arm is H(s) = 7.5 x 10°R(s) 2, where the input
is the current signal in amps and the output is the position
signal in pm. R(s) is a resonance structure. The Bode
magnitude plot of a reduced order (28t") R(s) is shown
in Fig. 8. The resonance modes change drastically due to
variation of the mode parameters. On the Bode plot, the
peaks of the frequency response may shift both in frequency
and in amplitude. Fig. 9 shows the whole setup of the
experiment.

Equipments For Disk Drive Research
An Open Disk Drive
Kepco Power Supply/ Amplifier
Polytec Laser Doppler Vibrometer (LDV)
DS1104 PPC Controller Board (ASPACE)
1GHz Lecroy Oscilloscope
MATLAB Real-Time Workshop
Newport Vibration Isolation Table
Pentium II 450 MHz computer

TABLE I
EQUIPMENT FOR THE DISK DRIVE EXPERIMENT.

B. Standard Closed-Loop Control with Step Reference
Command

A position and velocity feedback control is used to
control the position of the flexible arm. Fig. 10 shows the
Simulink diagram of the position and velocity feedback
closed-loop control structure. The position gain is chosen
to be 3.162278 Amp/mm and the velocity gain is chosen to
be 0.000316 Amp/(mm/sec). The command reference is a
step function with amplitude 10 ym and frequency 20 Hz.
The resultant position and the control signal are shown in
Fig. 11. It shows that residual vibration exists after a long
period of time.
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Fig. 9. The experimental setup.
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Fig. 10. Simulink diagram for the position and velocity feedback control.
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Fig. 11. Experimental result for 20 pm move with the standard closed-
loop control and step reference.

C. Experimental  Verification — Between ZVD  Input
Shaping Technique and Rectangle Based Shape
Filter

In [3], a comparison of simulation results between the
ZVD input shaper [4], [5] and rectangle based shape fil-
ter [3] is performed. The ZVD input shaper amplifies the
high frequency vibrations, but the rectangle based shape
filter reduces the high frequency vibrations. In this section,
both ZVD input shaper and rectangle based shape filter are
used to suppress the low frequency vibrations in the hard
disk drive flexible arm control. The undamped natural fre-
quency and the damping ratio of the low frequency mode are
wy = 3.64 x 103 rad/sec and (1 = 0.425. Fig. 13 shows the
discrete-time ZVD input shaper with the sampling period
T, = 1075 sec. Fig. 14 shows the discrete-time rectangle
based shape filter with the sampling period T, = 107> sec.
The vibration suppression shape filter is implemented as in
Fig. 12. The step reference command is first input to the
vibration suppression shape filter, then the shaped reference
command is sent to the closed-loop control. Fig. 15 shows
the experimental results with the discrete-time ZVD input
shaper. Fig. 16 shows the experimental results with the
discrete-time rectangle based shape filter. In both cases, the
low frequency vibration is canceled. The position reference
generated from step reference and discrete-time ZVD input
shaper amplifies the high frequency vibrations as shown
in Fig. 15. However, the position reference generated from
step reference and discrete-time rectangle based shape filter
suppresses all the high frequency vibrations as shown in
Fig. 16. From comparison of the control signals in Fig. 15
and Fig. 16, it is also clear that the ZVD input shaper makes
the control signal very aggressive since the high frequency
vibrations are amplified. A vibration suppression shape filter
that is able to suppress all the resonant dynamics will be
generated and tested in the next section.
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Fig. 15. Experimental results for 20 pm move with step reference and
discrete-time ZVD input shaper.
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Fig. 16. Experimental results for 20 pm move with step reference and

discrete-time rectangle based shape filter.

D. Standard Closed-Loop Control with Vibration Suppres-
sion Shape Filter

In this section, a robust vibration suppression shape
filter is generated to shape the command reference. The
high frequency resonant modes in the closed-loop control
approximately occur beyond Q9 = 10* rad/sec. The move
time duration of the high frequency vibration suppression
shape filter is chosen to be 1.5 msec. The prolate spheroidal
wave function based high frequency vibration suppression
shape filter [2] is shown in Fig. 17. Before the high
frequency resonance modes, there is one low frequency
resonance mode in the closed-loop transfer function. The
undamped natural frequency and the damping ratio of this
low frequency mode are wj;; = 3.64 x 103 rad/sec and
Cin = 0.425. The rectangle window based low frequency
vibration suppression shape filter [3] is shown in Fig. 18
which is the same as Fig. 14. The high frequency vibra-
tion suppression shape filter and low frequency vibration
suppression shape filter can be combined together through
the filtering operation in Fig 7. The resultant vibration
suppression shape filter is shown in Fig. 19.

Fig. 20 shows experimental results of the vibration sup-
pression shape filter in Fig. 19. It shows that both the
low frequency and high frequency residual vibrations are
suppressed by the position reference generated from step
reference and the discrete-time vibration suppression shape
filter in Fig. 19.

VI. CONCLUSIONS

In this examination, a vibration suppression shape filter
is generated which is able to suppress all the resonant
dynamics in a flexible system. The experimental results
of the hard disk drive short seek control show the resid-
ual vibration of the actuator arm is significantly reduced.
Since the smoothly changing shape filter can also be used
as a vibration suppression velocity profile, drive current
command can be generated. The model reference closed-
loop control experimental results will be reported separately.
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For hard disk drive short seek control, both acceleration
(or drive current) and velocity constraints are generally
not met. However, for hard disk drive long seek control,
both acceleration (or drive current) and velocity constraints
should be considered. The vibration suppression control
profile generation with both acceleration (or drive current)

and velocity constraints is studied in [8].
The methods in this paper are patented (pending). Com-
mercial use of these methods requires written permission

from the Oklahoma State University.
The authors would like to thank Matthew Duvall for

useful discussions.
REFERENCES

[1] L. Zhou and E. A. Misawa, “Robust vibration suppression control pro-
file generation based on time-frequency uncertainty,” in Proceedings
of the American Control Conference, Boston, MA, 2004.

[2] ——, “Generation of a robust vibration suppression control profile
from optimal energy concentration functions,” accepted to the 2005
American Control Conference, Portland, OR.

[3] ——, “From Input Shaping® and OATF to vibration suppression
shape filter,” accepted to the 2005 American Control Conference,
Portland, OR.

[4] N. C. Singer, “Residual vibration reduction in computer controlled
machines,” Ph.D. dissertation, Massachusetts Institute of Technology,
1988.

[5] N. C. Singer, W. P. Seering, and K. A. Pasch, “Shaping com-
mand inputs to minimize unwanted dynamics,” United States Patent,
4,916,635, April 1990.

[6] D.P. Magee and W. J. Book, “Optimal filtering to minimize the elastic
behavior in serial link manipulators,” in Proceedings of the American
Control Conference, vol. 1, 1998, pp. 2637-2641.

[7] ——, “Optimal arbitrary time-delay (OAT) filter and method to min-
imize unwanted system dynamics,” United States Patent, 6,078,844,
June 2000.

[8] L. Zhou and E. A. Misawa, “Robust vibration suppression control
profile generation with both acceleration and velocity constraints,”
accepted to the 2005 American Control Conference, Portland, OR.

4747



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ArialNarrow-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Oblique
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


