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Disk Drive with Mode Canceling Actuator

FIELD OF THE INVENTION
This invention relates generally to mode canceling actuators
used for canceling vibrational modes experienced by actuator-

controlled arm assemblies employed in disk drives.

BACKGROUND OF THE INVENTION

Actuator-controlled arm assemblies employed in disk drives
experience probléms due to mechanical resonances. These
resonances, or vibrational modes include the natural modes of
the actuator system, e.g., a voice coil motor (VCM), and those
of the arm assembly.
In a typical disk drive the aﬁn assembly has a positioner arm
equipped with a slider. The arm assembly is mounted about a
pivot. The slider carries a transducer or read/write head and
is located above the surface of a magnetic disk. The VCM is
mounted opposite the slider and causes th‘e arm assembly to
rotate about the pivot as required to seek and track data on the
disk. Specifically, the arm assembly moves the head to a
desired data track in the disk and, once there, maintains the
head’s position over the track.
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General methods of achieving higher bandwidth include the use of
‘ high specific stiffness materials such as AlBC or Albumet for

making the arms, employment of compound actuators and

application of active and passive damping techniques. )

The use of dual-stage actuation systems having a primary
actuator, e.g., a VCM, for executing large movements and a
secondary actuator, e.g., a piezoelectric element (PZT), for
fine-tuning and tracking is well—knéwn in the art. The small
PZT miliactuator has higher vibrational modes than the VCM due
to scaling. Descriptions of such systems are found in
scientific and patent 1literature. Some  representative
references include 2Zhi-Min Y., et al. *Controller Design
Criteria for the Dual-Stage Disk Actuator System”, Proc. SPIE -
International Society for Optical Engineering (USA), Vol. 2101,
No.- 1, 1993, pp. 305-8 and Guo, W., et al., "“Dual Stage
Actuators for High Density Rotating Memory Devices”, IEEE Trans.
Magn. (USA), Vol .34, No. 2, pt. 1 March 1998, pp. 450-5.

Prior art systems have also attempted to ensure stable operation
of actuator systems by stabilizing the control loop. This has
been done by inserting gain stabilizing filters such as
electronic notch filters in the control loop pa'th. These
filteré are placed -in the downstream portion of the control loop
to filter out the signal information within the band reject
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capable of eliminating the amplitude and phase effects of the
vibrational mode, i.e., the effects of the mode can not be
completely canceled.

Another technique for damping wvibrational modes of a servo
control system was presented by Masahito Kobayashi et al. in
“MR-46 Carriage Acceleration ‘Feedback Multi-Sensing Controller.
for Sector Servo Systems,” at the International Conference on
Micromechtronics for Information and Precision Equipment, Tokyo,
July 20-23, 1997. This proposed multi-sensing control system
uses accelerometers to generate acceleration feedback. An
acceleration feedback controller receives the feedback signals

and compensates the servo to damp the mechanical resonance
modes.

Although Kobayashi‘s technique has been demonstrated, it can not
be efficiently implemented without the use of notch filters.
Furthermore, designing the feedback controller requires the
designer to model the very complicated transfer function H,(s) of
the servo-controlled  system. This is computationally
challenging and requires a considerable amount of processing
time. .Also, since the poles and zeros of the compensator used -
in the feedback controller can not be predetermined, it is not
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4. of the serve loop’s unity gain crossing, thereby reducing the
bandwidth of the servo.system. ]
In U.S. Patent no. 5,459,383 Sidman et al. teach a feedback loop
using a motion sensor located in the servo system at or near the
point of control. The sensor is referred to as collocated
because it is at or near the point of control.” During operation
the sensor detects both the rigid body mqtion and deformation of.
the actuator. The signal component from the rigid body motion
is always much "larger than that due to deformation. The
collocated feedback loop operates in conjunction with the
ordinary feedback loop and has the effect of making the servo
system perform as if the mechanical structure of the system had
a much higher mechanical damping than it actually possesses.

Although Sidman‘’s system does improve positioning control it
relies on gain compensation and does not actually cancel any
vibrational modes. Furthermore, the signal derived from the
sensor includes the large rigid body component, which is also
processed by the feedback loop and affects undesirably the rigid
body motion properties of the actuator.

The abéve—mentioned problems have prevented the de'\-relopment of a

servo system capable of entirely eliminating the effects of



possi bl e to guarantee the existence of a stable conpensator. Mbst
inmportantly, -however, Kobayashi's technique does not achieve

cancel l ation of the vibrational node. The prior art also teaches gain
stabilization through | owpass filtering in the control | oop. Accor di ng
to this nethod the conponents of the control signal having the resonance
frequency are effectively prevented fromexciting the vibrational nodes of
the actuator structure. This hel ps ensure systemstability, but it also
increases the phase shift at frequenci es’in the vici nity of the servo
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sexrvo-controlled actuator system and overcome the disadvantages
of the prior art. Specifically, the control mechanism of the
invention is designed to cancel the amplitude and phase effects
of at least one vibrational mode while minimizing the mass of
the arm assembly and preserving its rigid body motion
characteristics.

It is another object of the invention to provide for mode
cancellation of major modes including the butterfly mode.

Still another ~object of the invention is to achieve mode
cancellation with a low-cost and low-mass element, and to thus
permit one to design efficient devices with a higher number of
tracks per inch (TPI). 1In particular, it is an object of the
invention to employ a mode-canceling actuator such as a
piezoelectric (PZT) element.

The above objects and advantages, as well as numerous
improvements attained by the system and method of the invention
are pointed out below.
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The second location is selected in such a way that the strain in
the mode-canceling actuator is in phase with sway deformations
of the primary actuator produced by the vibrational modes.
Specifically, the strain expéerienced by the mode-canceling
actuator has to be in phase with sway deformations in the plane
of the arm assembly caused by the major modes. A primary driver
is provided to control the primary actuator such that it exerts

v -
a primary force, fpm, on the arm assembly. Meanwhile, a

secondary driver ensures that the mode-canceling actuator
v .
applies a mode-canceling force, f,.» to the arm assembly such

that one or more. vibrational modes, e.g., the lowest frequenéy
modes, are canceled.

The primary and secondary drives are conveniently controlled by
a control circuit or device which sets the ratio r of -the

- v v
Primary force, fp,,,, to the mode-canceling force, f,. at a certain

value. Specifically, the value of ratio r and the location of
the mode-canceling actuator are set such that none of the
vibrational modes produced by the mode-canceling force exceeds
any of the corresponding vibrational modes caused by the primary
actuator by more than 6 dB.

Preferably, the mode-canceling actuator eliminates at least the )
Butterfly mode. In some disk drives, elimination of one or more
major modes other than the Butterfly mode is also desirable.
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SUMWARY These obj ects and advantages are attained in a disk drive in which
an arm assenbly is equipped with a prirmary actuator and a node-cancel i ng
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a disk drive with mode-cancellation according to the
invention.

Fig. 5§ is an isometric view of a multiple positioner arm
assembly equipped with mode-canceling actuators
according to the invention.

Fig. 6 is a top plan view of an arm of an IBM Sailfin drive
equipped with a PZT mode-canceling actuator.

Fig. 7 is a graph illustrating the gain cancellation
performance of the mode-canceling actuator mounted
on the arm assembly of Fig. 6.

Fig. 8 is a graph illustrating the phase cancellation
performance of the mode-canceling actuator mounted
in the Sailfin drive.

Fig. 9A includes two graphs showing the phase and gain of
the Sailfin drive arm assembly without a mdde-
canceling actuator. ]

Fig. 9B includes two graphs showing separately the phase and
gain of the Sailfin drive arm assembly with a mode-

canceling actuator according to the invention.

DETAILED DESCRIPTION
Fig. 1 illustrates a servo-controlled actuator system 10
deploygd in a hard disk drive 11. Actuator system 10 has an arm
assembly 12 equipped with a transducer or controlled element 14, .
in this case a read/write head. Arm assembly 12 has a
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4 Is a bl ock diagram showing a control |oop for use in
. A primary actuator 26, in this instance a voice coil motor

(VCM), is mounted in a cradle or coil suj;)port 28 opposite head
14.° VCM 26 moves arm assembly 12 by causing it to rotate about
hub 30. Consequently, actuator 26 is also known as a rotary
actuator. The amount of rotation is controlled by a primary
drive ‘signal :50 (see Fig. 3) in the form of a current passed
through coil 26.

As better illustrated in the partial view of Fig. 2, a mode-
canceling actuator 32 is attached to arm assembly 12 near cradle
28. It is preferable that mode-canceling actuator be a light-
weight device, e.g., a piezoelectric element (PZT). The use of a
heavy mode-canceling actuator, e.g., a device weighing as much
as or more than VCM 26 should be avoided, because it would
affect the rigid body motion of arm assembly 12. Also, a heavy
mode-canceling actuator will undesirably increase the inertia of
arm assembly 12. Specifically, the weight of P2T 32 is
typiéally about 1 mgr. In comparison, the weight of VCM 26
usually ranges from 4-6 grams. .

The exact position of PZT 32 is selected such that it is
sensitive to the in-plane sway deformations experienced by VCM
26. Referring back to Fig. 2, the dashed lines indicate the in-
Pane sway deformation of VCM 26 resulting from the vibrations of
arm as_sembly 12. When arm assembly 12 experiences “vibrational

modes during operation, PZT 32 experiences strains resulting
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Head 14 is fa%et igedeaRowpardiesSkadd Web&mfQREENt Iifhe most prominent
vibrational modes are the “butterfly mode” centered at about
3,500 Hz, the S mode located at about 4,200 Hz, the end-arm mode
at about 4,800 Hz and the second butterfly mode at about 5,800
Hz. The gain of the “butterfly mode” is chiefly responsible for
the limited operation bandwidth of a typical arm assembly. It
is therefore crucial to cancel both the gain (amplitude) and the
phase of these major vibrational modes, ox, at least of the
butterfly mode.

As is true of any mechanical system, when arm assembly 12
vibrates, the wvibration can be decomposed into several
vibrational modes which have their own unique vibration shapés

called “mode shapes”. The mode shape (p'_ of the i-th mode can be

expressed as:

7 = e,

which is a function of location (x,y,z). The net in-plane sway

deformation Aj, pjane of coil 26 is then described by:

Air;-plane = -[coil (P‘.(xsy: Z) ) .F“(x, y,Z)dXdde ‘
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causing it to rotate about hub 30. Consequently, actuator 26 is al so known
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experi ences vibrational, nodes during operation, PZT 32 experiences stral ns
resul ting Sign of strain g at the Iocation of PZT 32, then PZT 32

properly mounted with respect to the i-th mode. In this
position the strain experienced by PZT 32 is in phase with the
i-th mode.

Proper placement of PZT 32 is visualized in Fig. 2. For the

sake of simplicity, only three test positions A, B, and C of PZT
32 are shown. Also, although the transfer function T consists
of a multiplicity of modes only three major modes are
illustrated. These may correspond to the first buf:terfly mode
and the first and second end arm modes and directly limit servo
performance and bandwidth because of their high gains and phase

shifts. The remaining modes are minor modes, which have low
gain and phase shifts and thus lie outside the range of
interest.

In each position, PZT 32 effectively partitions all vibrational
modes into two groups; one group of modes is in phase with the
strain in PZT 32 and the other is out of phase. The final
position of sensor 32 has to be such that all major modes i, j
and k are in phase with its strain. The phase relationship with
minor and negligible modes is not important and these may all



from these nodes. This is because the in-plane sway

def ormati ons of VCM 26-tr-anst-at-e -into-deformti-ons<ef«ectadte-~28:- A MOSt - =

i nstances an enpirical approach can be used to obtain a transfer functlon
T, describing the vibrational nobdes of arm assenbly 12. For - purposes of
il ustration, .the graphs of Fig. 9A show the transfer function T for a
typical arm assenbl y used in a Sailfin type disk drive. The graphs show
the gain and phase effects of the vi bray onal m)des separately. The Sail f
in drive has__ten separate arm assenbl i ) nost  proni nent

vi br at i onalfadddéatar &behoutp pft fasg rﬁ?&éﬁf‘&%‘?ﬂ eréa BChho ST 5889%E, t he
S node | ocajem@drally@hmniaid, 2001z dué heo emdgimah mederidl slowpingl, 800 Hz and
the second butterfly npde at about 5,800 Hz. The gai n of the "butterfly
node" is chi ef!s% responsi bl e for the I%mted g erat %andwl dth of ,a
typical arm W, table _shows,ofhe oPR2TS UEF t’t°615 EBEER SFE2HRin
(anpl i tude)emedlemeeq:JIWSQZm‘f 32hes@ magjcar mpdbeati ohal arltd)deswmh regpeteast of
t he butterf mode, true of clef1ani n

assenbly 1 sb"'agt defomattﬁon Bﬁ“ﬁ?"at f’gg‘y can A@&gg%éioggne%%%ntsg&g}é%ver al
vi brati 0na|11:[7'ﬁ!’@6‘532\hi§|1nh§1435é heich aedesi, qye andbn:at i A Tbepdsn Bakhed

‘mode shapes...;n ThE 3pge Rl Ide gk aev;ltﬁh pRde £apnbes expgegeed as:

[err] whic |sa unC|ono Iocatlo Fx Iilenetlnp ane sway
location it is out of phase wit mode k. Hence, the proper
final location for permanently mounting PZT 32 is A.

. _ Mode i Mode j .Mode k
sign of Ay iune + - +
sign of g for PZT location A + - +
sign of g for PZT location B - + +
sign of g for PZT location C + - -

Preferably, the ultimate position of PZT 32 is fine-tuned even
more precisely. Specifically, the final position of PZT 32 is
selected such that the gains of major modes excited by PZT 32 in
its - mode-canceling operation through application of mode-

v 0
canceling force, f,.. do not exceed a certain gain level. More
specifically, the gain of any major mode excited by mode-

canceling force; ;'mc, has to be no more than 6 dB larger than the

v

gain of that mode due to the primary force, fpm, applied by VCM

26. Under this condition the phase of the major mode affected
will change, but it will be guaranteed that the gain will not be
bigger than the original gain.



def or mati on [err] of coil 26 is then described by: [
S - : R - 10 - -where-F-i s -

the force applied on coil 26. Thus, the strain, [err], experienced by PZT
32 due to the i-th vibrational node is also a function of the node shape
[err] and is represented by: [err] When t he

sign of the sway deformation [err]is the sanme as the sign of strain [err]
at the location of PZT 32, then PZT 32 is properly nmounted with respect

to the i-th node. In this positionl®he strain experienced by PZT 32 is
in phase wi I prRcticeh wrigroper final position for PZT 32 can be "found

by empirical or analytic methods such as computer-implemented

algorithms. Wwhen the mechanical structure of arm assembly 12 is
specially designed, e.g., when arm assembly 12 belongs to a-
rotary actuator system used in hard disk drives, the general
vicinity of the potential final position is easier to predict
and hence the empirical approach is viable. For example, in the
IBM Sailfin actﬁator the right side of the second to bottom arm
is the proper general area to search for the final PZT position.

The analytical approach involves modeling arm assembly 12. This
is done, for example, with the aid of finite element analysis
software. The analysis pinpoints final position A "on arm.
assembly 12, specifically on cradle 28, where sensor strain is
in phase with the major modes. This is the position at which
PZT 32 is permanently attached. A fine-fine tuning of this
position may be required due to an additional requirement as
described below. |

The schematic diagram of Fig. 3 shows the necessary control
elements for operating arm assembly 12 of disk drive 11. VCM 26
is a current-driven device and is connected to a primary driver
54 which is a current amplifier. PZT 32 is a voltage-driven
device and is connected to a secohdary driver 52 which is a
volt.:age amplifier 52. Both amplifiers 52, 54 are controlled by
a control circuit 56.

During operation, control circuit 56 determines from the
vibrational data of arm assembly 12 and the position of head 14
proper primary drive signal 50 or drive current for VCM 26.
Specifically, drive current 50 has to be such that it causes VCM

v

26 to exert a primary force, fp,,,, on arm assembly 12. At the

same time, the Iﬁode—canceling drive signal 53 or voltage
delivered by amplifier 52 has to be such as to cause PZT 32 to



Proper placenent of PZT 32 is visualized in Fig. 2. For the sake of
sinplicity, omy three test positions A B, and C-of PZT 32 are shown.

Al so, al-though the transfer function T consists of a multiplicity of nodes
only three major nodes are illustrated. These may correspond to the first
butterfly node and the first and second end arm nodes and directly limt
servo performance and bandw dt h because of their high gains and phase
shifts. The remaining nodes are minor. y@des, which have | ow gain and phase
shifts and thus lie outside the range of,interest. In each position, PZT
32 effecti v@glypa.tmdemsnaélind tfca:tcieonarmcnodesaésmﬂ:lwv\mgjr eupls asnecogr oup

of npdes |s |n has he strai, nd the ot S out of
phase. eﬁ et }ﬁ o‘ae%’freg‘en E’Fag ﬁ%e {EEH t et h
nodes i, j Imﬁf K &a@cehlaﬁmom t:helm%iestpm ﬁllmlmlphagé 14:33) agalansdndp Wi th

m nor and negldeiabbecindRS with e BB/ Il 2ARe LHRER RB¥nathe ratio r
11 fall into the out of phasg partition. - In fact, ninor nodes generally

remain st abt?® RFEaEY SPFﬁ?'n e PEPL 5§ Mp‘(% 26 tmethee moRe-cantel idigons
the phase regl ation h| p e erl enced by PZT 32 and mmj or
nodes i, tea’?uf ‘k ‘t’h ?%glﬁmgt %ﬁa? or f8Ei AP eFPIRRINGEM 26. 2t
| ocati on Aimmbavmue n PZT 32 isin phase with nodes i, j, and k. At
| ocation B the

The calculation of ratio r is based on the transfer function T,
which can be expressed as:

= Rky[I | 4 ]-f;

m(/'l. a))

where y,, m;, 1, are the displacement vector, mass, and eigenvalue
of the i-th vibrational mode. - The vector R, describes the
measured point and f; are the components of the driving force
vector. For economy of notation, the Einstein convention is
used and thus the repeated indices are summed over. In vector
notation, this equation can be rewritten as: .

.42,
m; (2, a))

where it is convenient to remember this expression as the
product of two inner products. To eliminate from the transfer
function a major mode we produce a modified driving force, i
such that the inner product vanishes. 1In other words:

fwi =0,

or in vector notation:



strain in,PZT 32 is out of phase with nodes i and j, and at location Cit
i.s out of-phase w thnode k.- Hence, - the=proper~fiwat-tocation-for -

permanent|ly mounting PZT 32 is A - Mode i
Modej Mbde k sign of [err] + + sign of
[err] for PZT location A + -+ sign of [err] for PZT location B
sign of [err] for PZT location C + - Preferably,

the ultinmate position of PZT .32 is fi nﬁgtuned even nore precisely.
Specifically, the final position of PZI, 32 is selected such that the gains
of maj or nodes excited by PZT 32 in ¥i¢=0ppde-cancel i ng operation through
application of node- <canceling force, [err] do not exceed a certain gain
level. Mre specifically, the gain of any nmjor node excited by node-
cancel i ng Pbreirseer Fhimaedisied faychoPest F4Ald sy shgerel@tdAnt he gain of
that node due to the primary force, [err] applied by VCM 26. Under this
condition the phase of the major noder affected will change, but it will be
guaranteed -that the gain will not be Yoi gﬁ r than the original gain.

where VY, is the rigid body mode.

Referring now back to Fig. 3, mode cancellation of, e.g., the
butterfly mode is achieved by the modified driving force £, which

is composed of the primary force, fp,,,, and the mode-canceling

force, f,.- These two component forces are adjusted such that

the ratio of the force applied by VCM 26 and PZT 32 on arm
assembly 12 is given by:

"I‘,II '(fvpm +}mc)= 0.

In this case major mode Y, is the butterfly mode. Of course, any

other major mode could be selected for cancellation or a number
of modes could be canceled at the same time. For this purpose
multiple mode-canceling actuators like PZT 32 can be used in
concert.

The ratio of the primary and mode-canceling forces is computed
by control circuit 56 using standard logic circuitry. After
performing the computation circuit 56 appropriately adijusts the
gain of amplifiers 54, 52 to apply the computed primary and
mode-canceling forces via VCM 26 and PZT 32.

by



12 In practice,. the proper final position for PZT 32 can be found by

enpi rical "or analytitc nmethods ‘such -as-computer-i nptemented -al gori t hns. - Wren =

the mechanical structure of armassenbly 12 is specially designed, e.g.
when arm assenbly 12 belongs to a rotary actuator systemused in hard
di sk drives, the general vicinity of the potentlal final position is easier
to predict and hence the enpirical approach is viable. For exanple, in the
| BM Sai |l fin actuator the right side of e second to bottomarmis the
proper general .area to search for the fipal -PZT position. The anal yti cal
approach i bl s BRRFERE nﬁ“%??ﬁ@ﬁ¥§eﬁBF§ui? SThF?g?§ bR e 2T HFMERERPLE, with
t he aid of #nipdiiféers efdnt Shabysicbesohtivar 8. of TrEmazvalfpscs ppnpmdlet-s
final positd@ReAingNro MRS Hlyad2, specifically on cradle 28, where
sensor strain is in phase with the major nodes.. This is the position at
which PZT 32 is permanently attached, A fine-fine tuning of this
position may be required due to an lfh ng)eqU|renent as descri bed

bel ow. The schematic di agram of rA t he necessary control

el ements for operating armassenbly 1 Wedmdfk drive 11. VOM 26 is a
current-driven device and is connected to a primary driver 54 which is a
current anplifier. PZT 32 is a voltage-driven device and is connected to
a secondar VRGP 8r 182 thpi ¥l tageate oFiHFRL AR fefocusenB ANl SRR f Bk s 52,
54 are contE.olitethdytarquentonstaitr ofi bribbassenblyi Mg widpBr attWHtorsC@a#r Ol
cireuit SEande;t%m Re§icdd Olind e ¢ Rat bgml ﬁaxral élraﬂaéﬁﬁ_ﬁg@ ¥,12 and

the positi head 14 rlnary rve s ve current for
VCM 26. Spgfg\ 88| |‘§?59dr$’(r}%‘p‘-‘ch Eftttsp S % sPF% su8ﬁt1?‘rfat vpLtgaRRsedoVvOM

regulate amplifiers 52, 54, the ratio can be expressed in terms

of driving voltages V, and V, as:

Yom
r

V =

me

Generally, for a particular design of arm assembly 12 and
placement of PZT- 32, this ratio r is well-defined and may be
determined through simulation or experiment. Of course, if this
ratio does not satisfy the above equation then .this constitutes
evidence that other modes are affecting assembly 12.

In addition to maintaining proper force ratio r the actual
magnitudes of the primary and mode-canceling forces 1'.1ave to be
controlled as well. Once again, this is done in order that the
gains of major modes excited by PZT 32 in its mode-canceling
operation do not exceed by more than 6 dB the gain levels caused
by VCM 26. This is done by fine-tuning the location of mode-
canceling actuator 32 while satisfying the above-explained in-
phase condition. -

The proper gain relationship is visualized in Fig. 7 where graph
202 indicates the result of mode-canceling force only and graph



2:6 to exert a primary force, [err] on armassenbly 12. At the sane tine,
t he node-cancel'ing drive “signalt~53-or~voltage deliver ed~by-—-anplifier ‘52 has:-

to be such as to cause PZT 32 to 13
apply a.node-canceling force, [err] to assenbly 12 such as to cancel out
the desired vibrational node, e.g., the butterfly node. Cancellation of

the node, or elimnation of the gain and phase associated with the node,
will take place when the ratior of prigmary force, [err] applied by VCM 26

to the node-cancel in force,[err], applied. by PZT 32 is, set and

mai nt ai ned ﬁﬁga 1‘%‘1)‘&%1*?0 s uE?SJltTthcﬁrﬂPﬁi oéré:ie rh% £oFs M¥Ssd on
the transf eraticridiaitéonT,acgirding atobethex piwgsddons: deployefierin] an wigMe
ylerr], nleggiirid esiFdvedr e the disi agEMenL YRSt Qbm WRAS, BB t8i gfdyeal ue

canceling force are within a A 2 6 dB of the end arm mode gains’

caused by the primary .force. The result of both forces acting’
together is indicated by graph 206. Clearly, the butterfly mode
is canceled under these circumstances and the remaining major
modes are not aggravated. The phase effects are shown in the
graphs of Fig. 8. The same reference numbers are used for the
arm assembly’s response to primary force only, mode-canceling
force only,. and both forces being applied together.

-

In a particular application of the invention, mode cancellation
may be turned off while head 14 is seeking a new track 24. That
is because higher voltages are usually required for seeking.
During that time circuit 56 can be switched off and then resume
operation once a particular track 24 is selected to be followed.

The above-described system uses an open-loop type control for
driving VCM 26 and PZT 32. Open-loop control assumes a priori
knowledge of the frequencies of the modes to be canceled. Small
changes in ratio r due to temperature effects can be mitigated
by adjusting or re-calibrating control circuit 56. However, in
a high-performance system small and continuous variations in
ratio r will adversely affect the efficiency 'of mode-
cancellation. Hence, in a preferred implementation of mode-
canceling a closed loop control system 100 is used as shown in
the block diagram of Fig. 4.

Control system 100 is a general closed-loop system. A person of
average skill in the art will appreciate that in practice this
type of system may be modified to best cooperate with any given
disk drive. System 100 has a primary driver 102 for driving a
VCM 108 and a secondary driver 104 for driving a PZT 110. The



of the i-th vibrational node. The vector Rlerr] describes the neasured

point and f[err] ‘are the conponents of “the driving -forceveetor: - =For ===

econony -of notation, the Einstein convention is used and thus the repeated
i ndi ces are sumed. over. In vector notation, this equation can be
rewitten as: [err] where it is convenient to renenber this
expression as the product of two inner products. To elimnate fromthe
transfer function a major node we produgg a nodified driving force, [err]
such that~tfe i nner groduct vanj shes. I.n 8ther wor ds: [err] or in_ vector
not ati on: ogic of system 100 1s contained in derGE'E 102, 10 rather
[err] Of thrgurige a tdeipsraveli fimaif or cSepomtaryt driverhel04 his r ebrtdatad

to the output of primary driver 102 to receive a primary drive

signal 106 which is also delivered to VCM 108. Secondary driver -
104 uses signal 106 in generating mode-canceling drive signal
112 delivered to PZT 110 to ensure the proper force ratio r, as
described above. '

In particular, the effects of VCM 108 and PZT 110 applying their
respective forces on a schematically indicated arm assembly 114
are measured by disk drive mechanics 116. Preferably, mechanics
116 will simply include the read/write head which derives a
position error signal (PES) 120 from pre—recordeé servo
information on the disk. PES 120 informs primary driver 102 by
how much the read/write head has to be moved to be in the
correct position over a selected data track. PES 120 can be
further processed to derive a signal 118 indicating the
vibrational response of assembly 114. Alternatively, PES 120.
can be used directly as signal 118. In another embodiment,
mechanics 116 may include transducers in addition to the
read/write head, e.g., accelerometers. Such transducers are
typically mounted close to the read/write head and are capable
of delivering a measured signal 118 indicating the actual
vibr_ational response of assembly 114. The read/write head ‘can
still deliver PES 120 as necessary. Mechanics 116 of this type
are well-known in the art.

System 100 is wired to deliver signal 118 to secondary driver
104 and PES 120 to primary driver 102. (Alternatively, a head
position signal derived from markings disposed on the disk can
be used instead of PES 120.) Signal 118 is used to determine or
at least estimate the performance of system 100 or the accuracy
of the- model. This determination is performed with the aid of
known methods, such as adaptive control or on-line/real-time



ml}lere [err] is the rigid body node.

Referring now back to Fig. 3, node

cancel l ation of, e.g., the butterfly node s achieved by -tte-rodi fied -

driving fo

rce fk which is conposed of the primary force, [err] and the

node-canceling force, [err]. Thése two conponent forces are adj usted such
that the ratio of the force applied by VCM 26 and PZT 32 on arm assenbly
12 is given by: [err] In this case major node [err] is the butterfly

node. O course,

or a nunbe

any other major node could be selected for cancellation

d Jd. b | ed t time. For thi
o £ By dgBnE B o e o b S Fepen FRbut s P

ratio of t
circuit 56
conputatio

to apply t
32.

methpdsnfyr afrekarpdaing nevsteng Peyferance denmongdinsd ciomt tind
HexkBEols t AdAY el QRNEr61 [ C2hd raditioAf t By ReEf oM AGLdde ana

circyit 56 i at el ,usts th in of lifi 54, 52
Bt anmpP P 4A0 M BSELRE MR or Cos vi A VOM 26 and P2T

Signal 118 is used to &djust the parameters of secondary driver
if4 and cause it to issue correspondingly adjusted mode-
canceling signal 112.  1In accordance with known principles of

control engineering, signal 118 may or may not be filtered, to-

adjust the parameters of secondary driver 104. The control
techniques which can be applied fall into two broad categories.
The first category includes techniques - that adjust the
para.me'ters based on the performance of the system 100, —such as
direct adaptive control, Jlearning control with fuzzy logic
and/or neural networks, auto-tuning, and the like. The second
category includes techniques that adjust the parameters based on
the accuracy of the model, such as indirect adaptive control,
on-line system identification, self-tuning, and the like. In
essence, all of these techniques achieve the same objective by
using signal 118 to directly or indirectly (adaptively) adjust
the feedback control, i.e., to determine signal 112. This
adjustment is performed on the time scale on the order of
changes taking place in the disk drive system. For example, the
adjustment time scale matches the time scale on which the torque
constant F, or characteristics of P2ZT 110 vary. Thus, the
adjustment ignores disturbances and noise, which typically have
significantly shorter time scales, but takes into account known
parameters which contribute to the wvariation of ratio r thus
guaranteeing improved mode-canceling performance.

The mode-canceling system of the invention provides an effective

mechanism for canceling the gain and phase of ~ any given

vibrational mode -and stabilizing a servo-controlled actuator

system. Furthermore, the mechanism of the invention minimizes



15 In the present enbodiment circuit 56 bases its adjustnents of anplifiers
54, 52 on the ratior of primary force to node- canceling force expressed-
as: . [err] where g is the voltage to-current gain of current anplifier
54, Kf is the torque constant of arm assenbly 12 with actuators and any

ot her devices, and h is the gain of voltage anplifier 52. In the case where
circuit 56 produces output voltages to regulate anplifiers 52, 54, the

rati o can be expressed in ternms of drivhgg voltages V[err] and V[err] as:

[err] GEneraII articul a des arm asse 1 acenent
of PZT 32, Fﬁ-t ?% ‘i’ahéo Tseg&’ ne ar?*nrcfeserve% e dete )f{ndnéaglf hni’

si mul ati on @?areﬁﬁerims lzgrcaeeer g€, the ﬂﬁWswerlaﬁ'lFo Oéoé%}‘%o?z'l‘saﬂ%ﬁe}ltt he
above equatTi ldierosli -ofCEast icluh@seviiahee bbeahs otherpoasies 1aE¢ to

ffect I 03 ope t 0 r
Fhe act g e brkfeiens %ﬂidf#k;??s%mr@ Al i R Phac ey ? |
q‘\?&@FF‘S _$ drshal e

control | ed &% Id-his is done in order that the gai ns of
maj or nodes excited by PZT 32 inits mode- cancel ing operation do not exceed

by more thag, 6 GBEHe: G el eY¥RLS fddSBnceling system to a multiple
positioner arm assembly 150 is shown in the isometric view of
Fig. 5. In this embodiment a single primary actuator 152 in the
form of a VCM lodged in a cradle 158 applies the primary force
to assembly 150. Six positioner arms 154 equipped with
read/write heads 156 are thus rotated about a hub 160. One
mode-canceling actuator 162 in the form of a PZT element is
mounted on each positioner arm 154. The position of each PZT
162 is selected according to the placement criteria discussed
above. During mode-canceling operation each PZT 162 contributes

a portion of the total mode-canceling force applied to assembly
150.

Fig. 6 illustrates in top plan view a mode-canceling PZT 170
mounted on a representative arm assembly 172 belonging to an IBM
Sailfin drive. The mode-cancellation performance data in the
graphs of Figs. 7 and 8 are based on arm assembly 172 in which
PZT 170 applies a mode-canceling force, as described above,” to
caneel the Dbutterfly mode centered at about 3,500 Hz.
Specifically, graph 206 in Fig. 7 illustrates the gain reduction
for the butterfly mode achieved by applying the mode-canceling
force with PZT 170. Corresponding graph 206 in Fig. 8

illustrates the phase cancellation achieved for the butterfly
mode.

For a clearer evaluation, Fig. 9B shows the performance of the
Sailfin drive using a PZT mode-canceling actuator for canceling

the gain and phase of the butterfly mode in two separate graphs.



by VCM 26.. This is done by fine-tuning the |ocation of node- canceling

actuator 32 whil e satisfying the above-explained-in- phase condition.- The .-

proper gain relationship is visualized in Fig. 7 where graph 202 indicates
the result of node-canceling force only and graph . '
16 204 indicates the result of primary force only for node- cancell ation
according to the invention deployed in an IBMSailf in drive. The gains of
the end arm node due to node- canceling,force are within a [err] 6 dB of
the end arm node gains caused by the prinmary force. The result of both
forces actiTy -65efFREN ishopAdFRatRpsEy rETRAIFLG8Y EpePPYLon iarapht £hef |y
node i s camehedraspdese i heFercidompasismc geugraethe Figmidai ngshawor thedes
are not ag@ed¥atfshce breehbasmeebi S Sridhous OWBak N4l 19hgPhS R EL 9. 8.
The sane reference nunbers are used for the armassenbly'§ response to
primary force only, node-canceling force only, and both forces being -
appl i ed t oddeheystem lamdamezhad ofl the appientieon oxrefsimpdei andpermit whde
cancel | ati Qe e dHde0ed mahk-dided ihgads 14nS ra98ki hdae wet—éﬁﬁ%j%-
That is begﬁtéiedhkgher Itages are unL{albly rieqlgléed f or _seeki.ng. ring
that tinme cricult 5% can BEERFt ched™orf “an§ then ?e%rtﬁ‘res}ﬁééﬁgt'ﬁnthﬁce a
particul ar aGtackhaq the sabeve egvbedimentolneivelle altered in many ways

without departing from the scope of the invention. Accordingly,

the scope of the invention should be determined by the following

claims and their legal equivalents.



The above-descri bed system uses an open-1oop type control for driving VCM
26 and PZT 32.*" Open-loop control -assumes~a-priori-know edge-of-t-Rew--
frequenci es of the nobdes to be canceled. Small changes in ratio r due to
tenperature effects can be nmitigated by adjusting or re-calibrating control
circuit 56. However, in a high-performance: system snmall and conti nuous
variations inratio r wll adversely affect the efficiency of

node- cancellation. Hence, 1in a preferyed inplenmentation of node-
canceling a_closed | oop control system 100 is used as shown in the bl ock

di agr am of FHYIME. Control system 100 is a general closed-1oop system .A
person of average skill in the art will appreciate that in practice this
type of sy&ﬁgﬁimgycbgu&ggugLed to best cooperate with any given disk drive.

System 100 a .pr driver, 102 for driving a VCM 108 and a secondary
driver 104 Adpﬁﬁkn§%%§ePE?mﬁﬁif Ithe

17 | ogi ¢ of sy@t)emilloarms ageenbliyneexperignring spredeterpinedt ebratiomaln a
separate CIrCUIt m&@ﬁpndary driver 104 is connected to the output of

primry driver 02 tgﬂéﬁ g%vgcél thqﬁ gsav% sggnsl 106 mhlggh%sﬁglso
ec e

delivered to V 188 dary driver. uses 5|gna r&ting
node- cancel i ng dr|§ér%ﬁdﬁﬁﬁt¥¥2 delivered to PZT 110 to ensure the proper -
force ratio r, @3s desaid-katdcabhioieactudtorpabhhted ah, siid sehf asksnefy WeM 108

and PZT 110 appl yi gy JLheh &gﬁ%@&gﬁ f%f&? 2o 2 REBBIRLLCALLY | ,podabcat ed
arm assenbly 114 are neasure drive nechanics Fef ef abi '
mechani cs canceling actuator 1s in phase with sway deformations o

; said primary actuator produced by said predetermined
vibrational modes; i

d) a primary driver for causing said primary actuator to
exert a primary‘ force, J"mer on said arm assembly;

e) a secondary driver for causing said mode-canceling
actuator to exert a mode-canceling force, }mc, on said

arm assembly such that one of said predetermined
vibrational modes is canceled.

2. The disk drive of claim 1 further comprising a control

means for setting a ratio r of said primary force fp,,, to

v -

said mode-canceling force f,..-

. 3. The disk drive of claim 1 wherein said second location is
selected such that none of said predetermined wvibrational
modes produced by said mode-canceling force exceeds any
corresponding mode of said predetermined vibrational
modes produces by said primary force by more than 6 dB.

4. The disk drive of claim 1 wherein said one wvibrational -
mode is thé butterfly mode.

O 0 o



116 will sinply include the read/wite head which derives a position error
signal (PES) - 120 from-pre-recorded--servo-i nformat-en-on- the-di sk. - -PES
120 informs primary driver 102 by how nmuch the read/wite head has to be
moved to be in the correct position over a selected data track. PES 120
can be further processed to derive a signal 118 indicating the

vi brational response of assenbly 114. Alternatively, PES 120. can be used
directly as signal 118. I n anot her enppdi nent, nechanics. 116 may
include transducers in addition to . the read/wite hea

d, . e.qg.,
accel eroneters5- Bwehdisk afsiRers sLaiRypi MBEiRoFREd rzﬁez;ggel?rmeﬁe
read/ wite head andilt=ticaphhh@icaf atenajeri viprmtieaslrefiesi.gnal 118
i ndicating the actual vibrational response of assenbly 114. The read/wite
head can still deliver_ PES 120 as_necessary. Mechanics 116 of this type are
vel | -known in the Tpe disksdrius, ?Lf)OCJrasm\M%'r é’&’efﬁnaefﬂfirpr@imaﬁl a‘i'i’éa'i%p
secondary driver 104 anchiPEScdid0 mogopyi mary driver 102. (Alternatively, a
head position signal derived from nmarkings di sposed on the di sk can be used
instead of PES 120,) $Si.gngl 118 .is used to det.erm.ne _or.at ]| east Iimate
t he performance of%y?ﬁ%mﬁiﬂﬁ e h'é‘?é%&’j?‘acyw}(lzﬁretlﬁes%%e’?".de'fﬁf“s‘eefmg
determnation is perf@atugter tis’ ehpiegaplertripastatdods, such as adaptive
control or on-line/real-time 18

systemidentifigatjion. ..Nbre detailed,] | about. t e hods for
determ ni ng sysalc'em&qg‘?ar’I'*1 ér\@rra%%level _SOCO%%%.JiQr{’]E%nIE%&?%g t%(ﬁtdbongdseAﬁgﬁ{:legleng
Control, 2nd editi8Rtuahprkas| a piexeetefhTdfdasFH%™W t t enmar k publ i shed by
Addi son- sl ey. '

9. The disk drive of claim 8 wherein said primary
actuator is a voice coil motor.

10. The disk drive of claim 1 wherein said sway deformation
is contained in a plane of said arm assembly.

11. A disk drive comprising:

a) an arm assembly experiencing vibrational modes;

b) a primary actuator mounted on said arm assembly at a
first location;

c) a mode-canceling actuator mounted on said arm assembly at
a second location at which the strain in said mdde-
canceling actuator is in phase with sway defo;mations of
said primary actuator produced by said vibrational modes;

d) a primary driver for causing said primary actuator to

v
exert a primary force, j;m, on said arm assembly;
e) a secondary driver for causing said mode-canceling
v
actuator to exert a mode-canceling force, f,., on said

arm assembly such that at least two of said- vibrational

modes are canceled.

g



Si gnal 118 is used to adjust the paraneters of secondary driver 104 and
cause it to *issue ‘correspondingly adjusted node-canceling-signal

112, I'n accordance with known principles of control engineering, signal
118 may or may not be filtered, to adjust the parameters of secondary
driver 104. The control techni ques which can be applied fall into two

broad categories. The first category includes techniques that adjust
t he paraneters based on the performance,f ‘the system 100, such as direct

adaptive contragb, - r 4% 19 r g i.h f.yz i C . eural networks,
aut o-t uni ng, a?fg t eélclﬁksg. dgg‘pél'h‘?eé s%!c%%d lgatzf ég%l?% i%ﬁﬁgjégén%]e%hgﬂ]%r@ t hat
adj ust the paranet®eanshfoedsehitingeaatatiacy off sehé pwidelry focte ag,,) ndi rect
adaptive control, on-line systemidentification, self-tuning, and the

li ke. I n essenceSakd moge-¢anceding ckaricgudsc achi eve the same objective by
using signal 118 to directly or indirectly (adaptively) adjust the ' '
f eedback cont to d(;af;eern‘i,ne1 Si 8nal, 112. This_adjustnent is

t 6t ¥

|, 1.8
perforned on t a'gtTl?ﬁe ‘%'fgl griye SPGB fETige STk iSFGOPE atecqtionne
disk drive systemifoselschedl esuchhdhadj uwneenef t said svabratimmahesnddes ti me
scal e on whi ch theptdaugea Cepst sia Flnddel ciceiiagactegibet | &34, SPZ'I;n;blo
vary. Thus, thecgdﬂelésg Nt |n%?ore da!l:l'.s l{rr.gangesrt?a{]d gm se, \ﬂmch
typi cal | y-have sighificantTy shorter tFHE scaras OBt "PaRE sPTeRY efc Bunt
known paramet ers waich PEdmry Horeethy morevelramit dB- of ratio r thus
guar ant eei ng i nproved node-cancel i ng performance. The node-canceling

system of the hpvepid og i:des an gf fiecti.v hani sm. for . canceling
the gain and  phase Qs?(r Q%h&% S?vecﬁlaéﬁbtrlétﬁ%ﬂr%ﬁgﬁo g%aﬁg A5 iPPng a
servo-control | ed aGtRFatePral dodes axs, meder nrratipeal medkani smi of t he
invention mnimzes
15. The disk drive of claim 11 wherein said primary actuator
is a voice coil motor.

16. The disk drive of claim 15 wherein said mode-
canceling actuator is a piezoelectric actuator. -

17. The disk drive of claim 11 wherein said mode-canceling
actuator is a piezoelectric actuator.

18. The disk drive of claim 17 wherein said primary
actuator is a voice coil motor.

19. The disk drive of claim 11 wherein said sway deformation
is contained in a plane of said arm assembly.

20. A system for operating a disk drive having an arm assembly
experiencing vibrational modes, said system comprising:
a) a primary actuator mounted on said arm assembly at a
" first location;
b) a mode-canceling actuator mounted on said arm assembly at
a second location at which the strain in said mode-

LT m



19 the mass of the armassenbly and preserves its rigid body notion
characteristics because of the | owweight of the PZT el enent. The | ow cost
-of PZT -el enents further opens the possibility to design efficient and

| ow cost disk drives with a higher nunber of tracks per inch (TPl). An -
adaptati on of the node-canceling systemto a nultiple positioner arm
assenbly 150 is shown in the isonetric viewof--Fig. 5. In this enbodinent a
single primary actuator 152 in the formpf a VCM I odged in a cradle 158
applies the primr t LY s ' ifioner .arms _ 154
equi pped with rea%ﬂ%\c/?élltciglghggﬁs 6 ara thus r g?%?e%l‘pa .bc()ibetf?ém‘?ﬁﬁlbmf(s(?.f One
node- cancel i ng act §atSPrIBRTY RIetes Rrasced T said ieihrationplimaségson each
posi ti oner ar mcd54a pFiwamposdtiver dforeaciusPdd #6241 pramdmct &shwvageer dighg to
t he pl acenent critgréq:%?s%ussedggbove.vDurin%iqgge-cancel'qg operation
each PZT 162 contrFBtted BXpBHE §R76F thre  t OF A2 M0 aER AHFEEPIRY for ce
applied to asseqbl ¥ 1lSébondakg. abivielr! UsbF at@msifigt ORa i Mo Wa ing

mode- cancel i ng PZT 170 nounted on a representative arm assgnbly %%%

bel ongi ng to an | BRFBHRUK it HxerE. 2 mpHe-fARfelindc EPTeR i ofmperdrorsmince.
data in the graphsagh disdsimly S6ch &1ake 2023680 rB@SS%S‘.@vaYLb}Zgi&I%I\’m' ch
PZT 170 applies a node-canceling f.orce, as described above, to cance t he
butterfly node CONTET &§° ﬁﬁncéiﬁgut 3,500 Hz. Specifically, graph 206 in

Fig. 7 illustrates the gain reduction for the butterfly node achi eved by
appl yi ng the node-canceling force with PZT 170. Correspondi ng graph
206 in Fig. 8 illustrates the phase cancellation achieved for the

butterfly node. For a clearer evaluation, Fig. 9B shows the performance

of the Sailfin drive using a PZT node-canceling actuator for canceling the
gain and phase of the butterfly node in tw separate graphs.

(N A I



20 The top graph shows the phase response and the bottom graph the gain
response.: Fer conparison purposes, Fig. 9A *shows the perfornmance of
the sane drive wi thout a node-canceling actuator. The system and net hod
of ‘the invention are sinple and permt the user to achi eve node-cancel i ng
of any mmjor node affecting a disk drive. O course, it will be clear to
one skilled in the art that the above odi nrent may be altered in many
ways without departing fromthe scope o0f the invention. Accordingly, the
scope of the invention should be determ ned by the follow ng clains and
their | egal 21

LAl VG eaul Vel DRIVE WITH MODE CANCELING ACTUATOR
A disk drive (ll 1) having an arm assembly (12) equipped with a primary actuator
(26) such as a VCM and a mode-canceling actuator (32) such as a PZT mounted at a
location selected in such a way that the strain in the mode-canceling actuator (32) is
in phase with sway deformations of the primary actuator (26) produced by the
vibrational modes of the arm assembly (12). The primary actuator (26) is driven to
exert a primary force, } me ¢ on the arm assembly (12) while the secondary drive
(104) ensures that the mode-canceling actuator (32) applies a mode-canceling force, J} pm ’
on arm assembly (12) such that the gain and phase of one or more vibrational modes

are canceled.

Fig 4



Vhat is clainmed is: 1. A disk drive conprising: a) an arm assenbly

experiencing predeterm ned “vi brati-onatl omodes; T A Privmary e
act uat or- mounted on said arm assenbly at a . first location; c) a
node- cancel i ng actuator nounted on said arm assenbly at a second

| ocation at which the strain in said node- canceling actuator is in
phase with sway deformations of - said primary actuator produced by
sai d predeterm ned vi brati onal npdes; d) a primary driver for
causing said primary actuator to ]Jﬁexert a primary force, [err] on
said arm assenbl y; e) a secondary-driver for causing said -

node- cancel i ng " actuator to exert a node-canceling force, [err] on
sai d arm assenbly such that one of said predeterm ned

vi brational npdes is cagcel ed. 2. The disk drive of claim1 further
conprising a congéol .~ means for setting a ratio L/pilsaid primry
force [err] to gai d node-canceling force [err]. 3. The di sk
drive of claim1l 1=1ﬁ-~ sai d seggnd | ocats®On is sel ected such that
none of said prederE '\‘:Q.vibr.tlonal nodes produced by said

node- cancel i ng fid \sagég;p correspondi ng node of said

predet er mi ned vi BER
nore than 6 dB. :
vi br ati onal nodé

node€$ produces by said primary force by
grf ve of claim 1l whererg said one

24 »
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22 5. The disk drive of claim1l wherein said predeterm ned

vi brational nodes are :1 OF "VIbrati ofrar o des —====gr-The g sk-dri-ve- of -
claim 1 -wherein said pri mary actuator - is a voice coil notor.

7. The disk drive of claim6 wherein said node-canceling

actuator is a piezoelectric actuator. 8. The disk drive of claim1
wherei n sai d node-canceling actuator is a piezoelectric actuator.
9. The disk drive of claim8 wherein said primry actuator is a
voi ce coil notor. 10. The disk d /ﬁ of claim1l wherein said sway
def ormati on is contained in a r?ra e of said arm assenbly. 11. A-
di sk drive conprising: a) an arm assenbly experiencing vibrational
nodes; b) a priggry -actuator nounted on sai qizarmass nbly at a

first |ocati26; ) a node-cancel i ng ,act ua -mounted®on said arm
second | ocati oné&a the strain\in said node-

assenbly at

14
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canceling actuator is in phase with sway deformations of sai d

primary actiatof “produced by 'sai d vibrationatrwodes—d) “a pri‘mary driver - -
for causing said primary actuator to , exert a primary force, [err]

on said arm assenbly; e) a secondary driver for causing said L
node- cancel i ng actuator to exert a node-canceling force, [err] on
said arm assenbly such that at |east two of said- vibrational . :
nodes are cancel ed. o 23 12. The
di sk drive of claim 1l further conpri a control means for
setting a ratio r of said primary forceﬁgerr] to sai d -
mode- cancel ing force [err] 13. The disk drive of claim 12 wherein said
second | ocation is selected such that none of said vibrational nodes
produced by said npde-canceling force exceeds any )

correspondi ng node of said vibrational nodes produces by sai d

primary force by nog§2than 6 dB. 14. The diﬁ§0prive of claim11

wherein said at |eastdwe—__ vibrational nodesS ‘are maj or vibrational

nodes.
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15. The disk drjve of claim 11 wherein said prinmary actuator is a
voi ce coil- notor. 16. The disk drive of clairm15-wheretn said --
node- . - " canceling actuator is a piezoelectric actuator. 17.
The.di sk drive of claim 11 wherein said node-canceling actuator is_a
pi ezoel ectric actuator. 18. The disk drive of claim17 wherein
said primry actuator is a voice coil notor. 19. The di sk.
drive of claim 11l wherein said sway deformation is contained in a
pl ane of said arm assenbly. 20. A gyAgem for operating a disk drive .-
havi ng an arm assenbly experiencing vibrational nodes, said system
conpri si ng: a) a primary actuator nounted on said arm assenbly at a
first location; b) a node-canceling actuator nounted on said arm
assenbly at a second |location at which the strain in said node-

24 canceling actuator is in phase with sway defornmations of said
primary actuator produced by said vibrational nodes;
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c) aprimary driver for causing said primary actuator to exert a

primary force,- [err]on said arm assenbly; - d)--a-secondary-oriver-Faf- - - v~

causi ng-sai d node-cancel i ng actuator to exert a node-canceling force,

[err] on said arm assenbly such that at |east two of said vibrational
nodes are cancel ed. .
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