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CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a utility filing of Provisional Patent Application No.
60/014,178 filed March 26, 1996 entitled, "ACTIVE ELECTROMAGNETIC DAMPING SYSTEM
FOR SPINDLE MOTORS".

This invention is useful with the actuator disclosed in U. S. Patent Application
Serial No. , entitied “BRUSHLESS SPINDLE DC MOTOR USED AS AN
ACTUATOR TO CREATE RADIAL FORCE™ by inventors Gunter Heine, et al., Attorney
Docket No. A-63367/JAS, filed simultaneously herewith and incorporated herein by

reference.

FIELD OF THE INVENTION

The present invention relates generally to motors and the vibrations or
resonances which are set up within such motors; particular applications or examples will
be given with respect to spindle motors used in disc drive assemblies, but the application

of this invention is not limited to these specific examples.

BACKGROUND OF THE INVENTION

Most motors, indeed most rotating systems that are spinning about a fixed
axis, have vibrations or harmonics which are set up and become part of the system,
disturbing the overall stability and smooth operation of the system. Such problems are
particularly acute in the disc drive industry, where a spindle motor mounts and supports

a disc or disc pack for high speed rotation. The disk drive industry is continually seeking
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density which requires greater resistancy to shock and vibration.

As the operating demands on the HDA increase, problems associated with
conventional HDA systems become performance limiting factors: for example non-
repetitive run-out (NRR) associated with conventional ball bearings limits track spacing
and thus, reduces the track density at which the HDA can reliably operate. NRR is
associated with the highly complex dynamic behavior of the hard disk drives: mechanical
modes of the motor and the disc pack correspond to predicted mechanical resonance,
which are in tum excited by ball bearing vibration. To reduce NRR magnitude, the
vibrational characteristics of the drive have to be modified.

In the prior art, a number of efforts have been made to electronically damp
vibration associated with a motor or with a transducer in a disc drive. The prior art to
damp vibrations in a moving transducer in order to more quickly center it on a track
includes U.S. Patents to Song, U.S. Patent No. 4,414,497, Sidman, U.S. Patent No.
5,459,383;' and Ravizza, U.S. Patent No. 4,080,636. Each of these comprise elaborate
circuitry for adding feedback loops to more quickly damp out the vibrations or
movements in a mo.ving transducer. All of these are not associated with problems of
damping out vibrations in a motor or the disc itself, and also add considerable
complexity and cost to the system.

Other patents have added mechanical or electromechanical elements to the
motor itself in an effort to damp out vibrations in the motor. These patents include

Hasigawa, U.S. Patent No. 5,317,466; Bartec, U.S. Patent No. 4,198,863; and Clancey,
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to obtain a head disc assenbly (H DA) capable of operating with an

i ncreased track density which requires greater resistapcy to shock
and vi brati on. W0 5736361 As the operating demands on '
I ncrease, problens associated with conventional HDA systens becone
performance limting factors: for exanple non- _fh repetitive run-out

(NRR) associated with conventional ball bearings Iimts track spacing

al\tlgg It 2”5 , reduces they.s aPdterl O i4{286 202 WThes phtems efd/espetially dirdeaddity tiepaidiion of
mechanical or electromechanical elements to motors to detect and damp out vibration.
Again, these prior art approaches have not proven to be effective in detecting the
resonance modes which can exist in rotating motors and particularly disc drive spindle

5 motors, and damping out such resonances. Further, they add considerable cost and

complexity to the motor design.

SUMMARY OF THE INVENTION
Therefore, an object of the present invention is to damp out the resonances
10 which occur in a rotating system.

A related objective is to stabilize the spin axis of a rotating system in a given
position.

It is a further objective of this invention to accurately simulate the undamped
resonant movements of the rotating system, and then to apply an out of phase force to

15 the rotating system to damp out the resonant movements.

It is a further objective and a related objective of the invention to apply an out
of phase force which accurately and repeatably damps or attenuates the resonant
movements and thereby stabilizes the system.

In this invention, the term "attenuation” is directly related to the fact that the

20 force applied is out of phase with the resonant movements within the system. This is as
opposed to the idea of adding a force which directly opposes the resonances which are

occurring within the system, which would thereby add stiffness to the system, and
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then a derivative of that representation is utilized to define a damping signal, lagging in

5 phase, which controls the application of force to the system to damp out the resonance
within the system. Thus, the damping method taught by this invention comprises
measuring the movements of the system in time, and then lagging that very same force
by ninety degrees and applying that damping force to corvect the tendency for that
movement to occur. Thus, according to the invention a movement at a given velocity

10 is countered by a counter movement at a given velocity, so that movements at high
frequency are successfully damped out. The success of this approach is based in part on
the fact that the derivative of the representation of the movement always has velocity as
a factor in its representation of the resonant movements of the rotating system. Thus,
at higher frequency movements, this damping approach is substantially more effective

15 than the additipn of stiﬁ'ness to the system.

Other features and advantages of the present invention will become apparent
to a person of skill in the art who studies the present invention disclosure, given with

respect to the following figures.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1A is a model of a disc submitted to an impact.

Figure 1B is a model representing a disc mounted for rotation.
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Figure 2 illustra;es the modes of movement for a spin axis.
Figures 3, 4 and 5 illustrate disc shapes as analyzed in this model.
Figure 6 illustrates the angular rotation of a disc in response to an impact.
Figure 7 is an illustration used to explain gyroscopic modes of movement to
5 the system of Figure 1A
Figures 8A, 8B and 8C illustrate the resonant movement of the rotor and disc
pack after impact.
Figure 9 illustrates the addition of an active damping system to the system of
Figure 1B.
10 Figures 10A, 10B and 10C are plots of the movement of the damped system.
Figure 11 is an example of the addition of an active damping system to a
spindle motor.
Figure 12 illustrates movement of the system of Figure 11 in response to an
impact and demonstrates calculation of the force as the derivative of the position of the
15 spin axis.
Figures 13A and 13B illustrate a modified motor design to create a radial
force on the magnet, and the result achieved by the modification.
Figure 14 is a more detailed example of the windings used to generate the
radial force.
20 Figures 15 and 16 are block diagrams of circuits to detect movement to be

damped, and to supply currents to windings of the motor of Figure 14.
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effectiveness of the present invention.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT
5 The following description of an exemplary preferred embodiment is given
with reference to a disc drive spindle motor. However, the principles described in this

example are applicable to other motors and rotating systems as well.

In general, a spindle motor can be characterized as a rotational inertia
(comprising a rotor 10 and the disc pack support 12) mounted on a pair of flexible
10 bearing supports 14, as shown in Figure 1A. For the case of ball bearings, the
mechanical damping of the supports is very small. This leads to a resonant mechanical
system; the rotating axis of the rotational inertia is subject to some resonant movement.
The following will first present a model capable of predicting the dynamic
behavior of a disc drive. When a rigid motor xﬁounted on two flexible bearing supports
15 is considered, as it is in this model, the predicted mechanical resonances of the motor
and disc pack are the five mode shapes shown in Figure 2; these are forward and
backward rotating gyroscopic mode, a forward and back created rotating cylindrical

mode, and an axial mode.

NOMENCLATURE
20 d, Bearing n pitch diameter
D Flexural rigidity of plate

E, Radial stiffness of bearing cartridge



A related objective is to stabilize the spin axis of a rotating systemin a
gi ven posi tion. It is a further objective of
this invention to accurately sinulate the undanped resonant
novenents of the g‘?}@’ i system and then to apply an out of phase force
to 15 the rot méds%gstemto danp out the resonant novenent ECTIUS04277 -

It is a further objective and a rel ated objective of the invention to apply

an out of phase force which accurately-and repeatably danps or
attenuates the resonant noverments and thereby stabilizes the
system E, | Grossriogpled stiffnessof bearingcarendge " at t enuati on” is
directly related to the fact that the 20 force applied is out of phase
with the resonant noveBgnts \RdtationaltstifnesyeffteaningThitddges as
E, Axial stiffness of bearing cartridge
- h Plate thickness
5 ) Polar mass movement of inertia of segment n
I, Transverse mass movement of inertia of segment n
k, Flexible disc axial stiffness
k, Flexiblel disc rotational stiffness
K, Stiffness of one ball of bearing n along the line of contact
10 1, Distance from center of mass to center of bearing n, in the z direction
m, Mass of segment n
T Kinetic Energy
v Potential Energy
v Transverse plate
15 X - Displacement in the x coordinate direction
y Displacement in the y coordinate direction
z Displacement in the z coordinate direction
o Angular rotation about the y axis
g Angular rotation about the x axis
20 ¢, Bearing n contact angle
p Density

©Oem Eigenvalue of the (n,m) mode
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t aken by an el ectromagnetic bearing, or the like, being added to
the system Thus, in the prgsent invention, resonant
novenents are first sinmulated, and R

Q Rotational Velocity about the z axis

The rapid increase in disc drive capacities over the past several years has
forced adjacent data tracks closer and closer together. In today’s highest density drives,
track spacing is on the order of Sum, approaching 2.5 then 1um. For this reason, it is

5 more imp.ortam' today than ever that the dynamic behavior of the disc drive be well
understood. It is necessary to be able to predict the natural frequencies and mode shapes
of the drive because these vibrations can affect the accessibility of the data. These
vibrations show up as positioning errors in the drive's servo control loop, and if large
enough, can prevent the drive from staying on track.

10 Two models are given in David Jennings, “ROTOR DYNAMICS OF A BALL
BEARING SPINDLE MOTOR WITH HIGH INERTIAL LOAD AND LOW MECHANICAL DAMPING”,
Proceeds of the 21st Annual Symposium on Incremental Motion Control Systems and
Devices (IMSCD), Champaign, Illinois, {molyr), pp. 97-104, incorporated
herein by reference.

15 This paper presents a lumped parameter model that incorporates, without the
use of any fudge factors, the necessary parameters for accurately determining the
eigenvalues and mode shapes for a disc drive. These include the bearing stiffness and
disc flexibility. The results obtained from this model are then compared to experimental
measurements of both disc vibration and servo position error for a complete drive.

20 Rigid Disc Mods!

Consider first the system depicted in Figure 1B. A rigid rotor mounted on

two flexible bearing supports.
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These four terms, E, through E,, are the radial, cross-coupled, rotational, and
axial stiffness of the two bearing cartridge respectively. They depend on the linearized
stiffness of one ball, measured across the line of contact diameter, for both ball bearings.
This ball stiffness is derived from a solution of the Hertz contact problem for the bearing
geometry in question.

The eigenvalues and mode shapes for this system of equations can be
evaluated numerically. This yields the five mode shapes depicted in Figure 2. These are
a forward 16 and backward 18 rotating gyroscopic mode, a forward 20 and backward
22 rotating cylindrical mode, and an axial mode 24.

Elexible Disc Model

While the rigid disc model gives us a good picture of the basic dynamic
behavior of a spindle motor, disc drives are typically characterized by a stack of thin
flexible discs mounted on the spindle. The flexibility of thesel discs plays an important

role in the dynamics of the complete drive.
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di scl osure, gi venoRfee! respect to the follow ng figurREI/USITRRY -
BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1A is a nodel
of a disc submitted to an inpact. -10- Figure 1B is a nodel
representing a disc nounted for rotatjon.

Consider a thin isotropfc flat annular plate 30 clamped on the ID and free on
the OD, as shown in Figure 3, where V is the transverse displacement. The eigenvalues
and mode shapes of the plate can be found by solving the general equation of motion of
the plate.

5 The solution of the eigenvalue problem results in a series of diametrica) and

circumferential mode shapes (n,m) with corresponding eigenvalues, as shown in Figure

4. A complete solution is given in (1) Vance, John M., "Rotordynamics of

Turbomachinery”, John Wiley & Sons, New York, 1988; (2) Harris, Tedrie A. "Rolling

Bearing Analysis”, John Wiley & Sons, New York, 1992; (3) Ehreich, Fredric F., Ed,

10 “Handbook of Rotordynamics”, McGraw-Hill, New York, 1992; (4) Goldstein, Herbert,

“Classical Mechanics”, 2nd Ed., Addison-Wesley, 1980; and (5) Mcl.eqd, A.J., Bishop,

R.E.D,, "The Forced Vibration of Circular Flat Plates", Mechanical Engineering Sciénce

Monograph No. 1, Institute of Mechanical Engineers, London, 1965; incorporated

herein by reference. Of most importance are the (0,0) and (1,0) modes. These are the

15 modes that play the most significant role in the dynamics of the disc drive. These two
flexibilities act to lower the axial and gyrational stiffness of the total system.

In order to account for the disc flexibility, the model shown in Figure 5 is
used. This model incorporates a second inertia 32 and set of springs 34, 35 to model the
disc. It should be noted that while this addition should accurately predict the effect of

20 {0,0) énd (1,0) disc modes, this model does not have enough flexibility to accurately

show the influence of the higher order disc modes.
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Figure 2 illustrates the nodes of

Figures 3, 4 and 5 |IIustrate
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Figure 9 illustrates the addition of an active danping systemto the system
of ° Figure 1B. 10 Fi gures 10A, 10B and 10C are
pl ots of the novement of the danped system Figure 11
is an ‘exanpl e of the addition of an active danping systemto a
spi ndl e notor. WO9736361 Figure 12 illustrates noverRWUSITORe - -
systemof Figure 11 in response to an | npact and denonstrates
cal cul ation of the force as the derivative of t?% position of the 15
B

spin axis. Figures 13A and illustrate a nodified

motor design to create a ra@edle ejght modes thithE SndBl frbitfict TR BBkmanARdrdsh e the 3
result achi eved by the nodification. :

eigenvalues that have the lowest frequencies. For the typical ball bearing spindie these

are the forward and backward gyro and the first axial mode. These are the modes with

amplitudes high enough to cause positioning errors in the servo control.

Dri i v in Paral i

Pursuant to this example, the spindle motor and discs described above are
submitted to a theoretical impact. A simulation based on the equation (A) set out above
10 shows that the rotational axis moves in a rotating gyroscopic mode (which is labeled as
a gyro mode in Figure 2). The following Figures 8A, 8B and 8C present the temporal
change of the angular rotation a, f§ of the rotational axis.
A spindle motor submitted to a theoretical impact is shown in Figuré 1A, the
impact being at a distance from the axis of rotation 50 of the disc 10. In the response
15 of the disc system to such an i@pact, the forward/backward modes are the modes with
amplitudes high enough to cause positioning errors in the servo control. Figures 6, 7
and 8A-8C describe the angular rotation o and 8 of the rotational axis. For example, in
plane view zy shown in Figure 6, angle P defines the angular rotation of the rotational
axis about the x axis.
20 . Figure 7 more clearly illustmteé the angular rotation of the discs’ axis of
rotation about the x axis () and the y-axis (a). A simulation based on the set of

equation (A) set out above shows that the rotational axis of the rotating inertia moves
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then according to a rotatiné gyro'scqpic mode. The Figures 8A-8C present the temporal
evolution of the angular rotation a and 8 of the rotational axis. These figures show an
undamped resonant movement of the rotor and disc pack.

Figure 8A is a parametric plot of « and B ({rad]) as a function of time.
Shown separately, Figure 8B is a plot of & ([rad]) in function of the time ([s]); and
Figure 8C is a plot of 3 ([rad]) in function of the time ([s]).

Once the plot «, B of the gyroscopic movement of the discs have been ‘
measured as a function of time, then according to this invention, the damping can be
adjusted electronically by taking the derivative of the representation of the measured
oscillation of the disc or rotating body. This derivative is used as a control signal to an
electromagnetic or equivalent active damping system having an effectiveness which is
modified with time in proportion to the gyroscopic or resonant movement of the disc.

To reduce the magnitude of the oscillation described above, an active system
can be added in parallel to the standard mounting which was shown in Figure 1B, Figure
5 and Figure 9. According to this illustration the disc 30, previously supported at
mounting 34, now has an additional, active damping support mounting 60. In this
simulated example, the active system 60 introduce damping in creating one radial force
whose components Fx and Fy are proportional to the derivative of the angular rotation
a and 8. A simulation based on the set of equation A (above) shows that the rotational
axis of the rotating inertia moves then according to a rotating gyroscopic mode that is

rapidly damped by the active system. The resuits of the introduction of this actively

damped system according to the theoretical model, are shown in Figures 10A~10C,



ef fectiveness of the present invention. DETAI LED DESCRI PTI ON OF A
PREFERRED EMBODI MENT 5 The follow ng description of an
exenpl ary preferred enbodi nent is given with reference to a disc
drive spindle notor. However, the principles described in this

exampl e are applWeqH%%%t o0 ot her notors and rotating systens aPCRaISP704277
In general, a spindle notor can be characterized as a rotational inertia
(comprising a rotor 10 and the di sc pack supporjs.12) nounted on a pair of

flexible 10 bearing supports 14, as shown in Figure 1A For the case
of ball bearings, th@hereinFigure 10& &apaiafiricPRtBE 8 andf (i) 4 LRARGSSOf thneY Bigiire
small. This | eads to a resonant nechani cal "

10B is a plot of & ([rad]) as a function of time; and Figure 10C is a plot of f ([rad]) as
a function of time.
A simulation Based on the set of equations A set out above has established
5 that the rotational axis of the rotating inertia would then move according to a rotating
gyroscopic mode that is rapidly damped by the active system. Compare Figures 104,
10B and 10C to Figures 8A, 8B and 8C, respectively, which show the rapid damping out
of the oscillatory movement, these simulations show the results which can be achieved
by this method.
10 An application of the theoretical example given above illustrates the fact that
it is possible to modify the vibrational characteristics of the system by adding an active
System in paralle} with the standard mounting. This example is a practical example and
is illustrated by the figures explained below.
In this example, the active system used an actuator which is the ﬁotor itself’
15 the stator of the motor is used to apply a radial force directly on the magnet. The Figure
11 described in plane yz the active system added between the stator and the rotor of the
motor itself. In order to create damping, the actuator 60 (in Fig. 9) creates a radial force
with its x and y components that are calculated in order to be equal to the derivative of
the angular rotation a and {8 of the axis of rotation. The Figure 12 shows in plane yz the
20 y component of the radial force. This component is proportional to the angular velocity

finked to f. In this example, the actuator used to generate damping force is the spindle
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resenant novenent. The following will first present a
nodel capable of predicting the dynamc behavi or of a disc drive.
Wien a rigid notor mounted on two flexible bearing supports 1 '

consi dered, as i9q% ®ihis nodel , the predicted nmechani cal rg‘éﬁﬂ%\gﬂ@%‘?of -
t he notor and di sc pack are the five node shapes shown in Figure

2; these are forward and ' backward rot al$-ng gyroscopi ¢ node, a
forward and back created rotating cyli.ndrical node, and an axi al
node. NOVENiEseT UREe spiflie compohents juch as tlisgvaginetcand the stedk aie aisesk with an

D Flexural rigidity of plate : " Elerr] Radi al stiffness

of bearing cartri dgeadditional winding to generate a radial force which creates the necessary damping.

Figures 13A and 13B shows that in supplying a different combination of coils,

it is possible to apply on the rotor magnet either a torque (Figure 13A) or a radial force

5 (Figure 13B). The difference between Figures 13A and 13B results from the directions

of current flow in the coil windings. In Figure 13A, the windings 120, 122 establish

current flow in the same direction, producing forces as shown, with a resultant torque.

In Figure 13B, the windings 124, 126 again would on phases spaced 180°, have current

flow in opposite directions, producing a desired resultant radial force. By applying

10 currents of a defined magnitude, a resultant force to damp out any vibration maybe
created.

The additional 2 phase winding 150, 152 shown in Figure 14 has been placed
in the 12 slots of the 8 pole spindle mdtor 130. Other slot and pole configurations are
available as well. Supplying the 2 phases of this winding with 2 constant currents will

15 generate 2 rotating radial force in quadrature.

Figure 15 shows a block diagram of the electronics supplying the 2 phase
winding of Figure 14 to generate a radial force given by its Cartesian components Fx and
Fy. The synchronous multiplier processes the 2 current consigns (i, and i) as a
function of the radial force.Canesian components {Fx and Fy), which represent the

20 applied impulse. Two current amplifiers 162 are then used to supply the 2 phase radial

force generating windings 150, 152.
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Three other inp;.lts hévg to be provided for the synchronization of the
synchronous multiplier 160:

- an input clock CK 164 with a frequency proportional to the motor speed; the
signal can be generated by a function generator for constant speed
applications;

- a RESET signal 166 with one pulse per electrical period; this signal can be
provided by the motor driver 168 which supplies the normal drive currents
to the motor 130;

- a switch programmed phase delay 170 that allows a direction adjustment of
the generated radial force.

Figure 16 is a block diagram of a complete system for detecting the motion
to be damped in terms of « and B, and controlling currents in the motor to generate
damping forces. Two sensors 174, 176 (which may be capacitive probes) measure the
angular position of the axis of rotation given by @ and B. A comb filter 180 takes out
the repetitive parts of the signal that are created by the repetitive run out. The resulting
signals a,gg and Bypg. Which give the angular position of the axis of rotation, are used
10 calculate the x and y components of a damping force using a derivative operation 182.
This derivative operation is an algorithm which is well known in mathematical fields and
is not spelled out here in detail. The Cartesian components of the damping force are the
inputs 190, 192 of the synchronous multiplier that calculates the two currents that must

flow through the force generating windings 150, 152 to create the damping force.



I[err] Transverse mass novenent of inertia of segnment n

K[ er«] Fl exi bl e disc axial stiffness K[ err] Fl exi bl e
di sc rotational stiffness Klerr] Stiffness of one ball of
bearing n along t L of contact 10 I[err] D stance from
center of mass to%egﬁ{’g’% of bearing n, in the z direction gﬂm%’@??}
Mass of segnent n T Ki neti c Energy \%

Pot enti al Energy % Transverse pligte 15 X

Di spl acenent in the x coordinate direction
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Figures 17A-17D are included to demonstrate the improvement achieved by
the present invention. Figure 17A gives a measurement of the response to an impact
applied on a disc of a spindle motor. The measured curves are angular rotation « of the
axis of rotation, angular rotation B of the axis of rotation, and trigger signal that gives
one impulsion per revolution. This measurement shows that the impact applied on the
disc creates a low damped resonant movement of the axis of rotation of the rotor and
the disc. This movement lasts at least during 8 revolutions of the spindle.

Figure 17B gives a measurement of the response to an impact applied on the
disc of a spindle motor actively damped by the active system described above. The
measured curves are angular rotation ¢ of the axis of rotation, anguliar rotation p of the
axis of rotation, and trigger signal that gives one impulsion per revolution. This
measurement shows that the impact applied on the disc creates a well damped resonant
movement of the axis of rotation of the rotor and the disc. This movement lasts less
than 1 revolution of the spindle.

Figure 17C gives a Lissajou plot of the response to an impact applied on the
disc of a spindie motor not actively damped. The measured curves are angular rotation
« of the axis of rotation, and angular rotation B of the axis of rotation.

Figure 17D gives a Lissajou plot of the response to an impact applied on the
disc of a spindle motor actively damped by the active system described above. The
measured curves are angular rotation « of the axis of rotation, and angular rotation B of

the axis of rotation.



y Di spl acement in the y coordinate direction z

Di splacenent in the z coordinate direction [err] Angul ar

rotation about the y axis ~Jerr] Angul ar rotation about the

X axi s 20 Bearing n contact angle p

Density WO Y66l i genval ue of the (n,n) node PCT/US97/04277
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In summary, to re.duce ihe_ magnitude of the oscillations in a system such as
a disc mounted on a spindle motor whose basic elements are represented in Figures 11
and 12, an active system is added to 2 disc drive supporting the disc. In this example,
the active system introduces damping to create two radial forces that are proportional
to the derivatives of the angular rotation «, 8. The effectiveness of this system assumes
that the center of mass of the system under consideration is on the rotational axis 50
between the bearings. The disc 10 is rotating on a hub supported on bearings 14.
Rotation is about the axis 50, in response to the interaction of the magnet 60 with
laminations and coils 62. To damp out any osciliation to the gyroscopic movement as
described above, the radial forces could be applied to the rotor magnet by applying a
secondary electromagnetic field. This electromagnetic field is applied to the magnet, and
is proportional to the velocity of the gyroscopic movement of the disc, and would damp
out this movement of the disc and provide a stable disc movement.

A simulation based on the set of equations 5 set out above has established
that the rotational axis of the rotating inertia would then move according to-a rotating
gyroscopic mode that is rapidly damped by the active system. Compare Figures 10A,
10B and 10C to Figures 8A, 8B and 8C, respectively, which show the rapid damping out
of the oscillatory movement which simulations have shown can be achieved by this
method. |

The example presented above deals with the particular case for which the
forward and backward gyroscopic modes are damped. The introductory portion of the

description of the preferred embodiment establishes that these are modes with
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[err] . Rot ational Velocity about the z axis The
rapid increase ipn disc drive capacities over the past several 3 P .
forced adj acent W2PH*¥fhacks cl oser and cl oser together. In todaef’%ﬁs gﬁest -
density drives, track spacing is on the order of S5[err]m .
approaching 2.5 then 1[err]m For this reason, -1% is 5 nore i nportant

today than ever that the dynanmic behavior of the disc drive be well
understood. It is neamplitadey high etmghitd causohgad gokitioningfearorsde disadriverapplicationse &
and node shapes of the drive because these vibrations can affect
the accessibility of cinlbe estatfished Firtharahat these could alsolbe shei canss of bignificapt ersor in other
positioning errors in the drive's servo control |oop, and if |arge
enough, can prevent gdistinglsysten applicatishsayi ng on track.
For other applications or other rotating systems, it may be necessary or
5 desirable to damp 5 modes shown in Figure 2: the forward and backward rotating
gyroscopic mode, the forward and backward rotating cylindrical mode; and the axial
mode. Such an active system would then be required to supply at least (A) two radial
forces (applied on the rotational axis on each side of the center of mass) and (B) a
vertical force applied in the z direction.

10 It should also be noted that the inventive method has been explained in terms
of developing a representation of vibrating movement and then taking a derivative
thereof. It should be noted that such derivative could be in time or space; it is only
necessary that the velocity of the movement of the system be represented. For that
matter, a representation of the velocity of motion may be directly developed by an

15 appropriate sensor.

Other alternatives to the present invention may be apparent to a person of

skill in the art who studies the present invention disclosure, which is limited only by the

scope of the following claims:
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”m ?"f Devi ces (I MSCD), Chanpai gn,
HRCRASIIART7 -

| ncr enent al |\/th0(|; Oontrol

I11inois,
ref erence. 15

t hat i ncorporates,

. . 97-104" |'hcc?rporated

Thi s paper presents a |unped paraneter nodel

wi t hout the use ofa@ny fudge factors, the

necessary paraneters for accurately determning the ei genval ues

and node shapes for a disc drive.
disc flexibility. The results obtained fromthis node

experi ment al

WHAEBSOLANED 3s-0f both disc vibration and servo

position error for a conplete drive.
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1. A method of damping resonances in a rotating system comprising:
developing a representation of vibrating movement in the rotating system;
taking the derivative of that representation;

applying an out-of-phase active, damping force based on said derivative to

said rotating system to damp out said movement.

2. A method as claimed in claim 1 wherein the vibrating movement

comprises a central, rotational axis of the system moving in a rotating, gyroscopic mode.

3. A method as claimed in claim 2 wherein the rotating system is a
spindle motor having a central shaft defining the central, rotational axis of the system and

supporting at least one disc which is subject to said undamped vibrating movement.

4. A method as claimed in claim 2 wherein the vibrating movement is
defined as a function of two angular rotations o and 8 which are radial and orthogonal

to one another.

5. A method as claimed in claim 3 wherein the vibrating movement is
defined as a function of two angular rotations & and 8 which are radial and orthogonal

to one another.
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These i natLaBM$S he bearing stiffness and
are then conpared to
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20 Rigid D sc Mdel Consider first the system
depicted in Figure 1B. Arigid rotor nounted on two flexible

e USS7) 04577 . 0 57 R N

Deriving the equ%‘(tol OREf motion"in®the <tafdafd Langr angi an ?9"659\7/8437? he -
foll ow ng set of equations: ,
21-
6.  Amethod as cfain_1ed in claim 4 wherein said active damping system
introduces two radial damping forces which are proportional to the derivatives of the

angular rotation « and f.

5 7. A method as claimed in claim 5 wherein said active damping system
introduces two radial damping forces which are proportional to the derivatives of the

angular rotation « and p.

8. A method as claimed in claim 6 wherein the radial damping forces are

10 applied to said central shaft below said discs.

9. A method as claimed in claim 7 wherein the radial damping forces are

applied to said central shaft below said discs.

15 10. A method as claimed in claim 8 wherein the central shaft is supported
on upper and lower bearings, and a center of mass of the system is defined between the

bearings.

11. A method as claimed in claim 9 wherein the central shaft is supported
20 on upper and lower bearings, and a center of mass of the system is defined between the

bearings.

Sheet Has Been Refilaced
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[err] These four terms, E[err] through E[err]

are the radial, cross- coupledm 10 axi al stiffness of

the two bearing cartridge re Eepend on the linearized
stiffness of one baII maasu m mln“ l‘“ﬁ“ e of contact dianeter, for

both ball beariny@2%73 al I wst$ffhess is derived frmmus%zm lon -
of the Hertz contact probl em for the beari ng geonetry in question.

.22-
12. A method as claimgd in claim 10 wherein said central shaft supports

a rotor magnet which rotates with said shaft, said radial active damping forces being

applied to said shaft.

5 13. A method as claimed in claim 11 wherein said central shaft supports
a rotor magnet which rotates with said shaft, said radial active damping forces being

applied to said shaft.

14. A method of micropositioning of the spin axis or damping mechanical
10 vibration in a rotating system applying a rotating force vector created by an actuator and
controlled by the position of the spin axis as measured by a sensing device, wherein:
a)  the force being phase quadrature with respect to the measured
position or displacement; and
b) the force being proportional to the velocity of the spin axis position

15 and in place opposite to said velocity.

15. A method of stabilizing the spin axis of a rotating system in a given
position, said rotating system comprising:
a rotor comprising an inertial load and bearing means to support said rotor
20 including developing a representation of the position of said spin axis or the oscillatory

movements of said spin axis; and

This Sheet Has
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The ei genval ues and node shapes for thi f equations can be 15
evaluated nunerically. This Wshapes depicted in Figure
2. These are a forvvar ““““‘“J“‘“ ‘\&W 18 rotating gyroscopic
node, * a forvvard %9 gp%’gack

ating cylindrical node, and
an axial node Fl eX|*bI & Dtsc" Mbdel PCTORHI%E ¢ he -
rigid disc nDdeI gives.us a good picture of the basic dynamc 20
behavi or of a spindle notor, disc drives are typR®ally characterized by a
stack of thin flexible discs rounted on the spindle. The
flexibility of these discs phusjygingsaid reprssentation to calculate and|gencrate foees ihichiin tugn
of the conplete drive.
! stabilize the position of the spin axis and dampen oscillatory movements of said axis.

16. A method as claimed in claim 15 wherein the forces applied are
5 established to be proportional to either derivative of position of the rotor or the velocity

of oscillatory movement of said rotor.

17. A method as claimed in claim 16 wherein the rotating system includes
an electromagnetic actuator, and the method includes applying the forces utilizing said

10 electromagnetic actuator.

18. A method as claimed in claim 17 wherein said electromagnetic
actuator comprises stationary windings and rotating magnets surrounding said spin axis,
and said method includes energizing said stationary winding to apply said forces to

15 dampen said oscillatory movements.

19. A method as claimed in claim 18 wherein said rotating system includes
a motor surrounding said spin axis and comprising magnets and windings rotating

relative to one another.

20
20. A method as claimed in claim 19 wherein the magnets of said motor
and the magnets of said stabilizing actuator are 2 common set of magnets.
This Sheet Has Been R
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Consider a thin isotropic fl | ate 30 cl anped on the ID and free
on - the OD, as shovwmi,mmmmm, ML ere Vis the transverse
di spl acement. TWe9%B@ehval u c I¥ode shapes of t he BITHSEREN be -
flound by solving the general equation of notion of the pl ate. 5
'ﬁhe solution of the eigenval ue problemresultsp4-n a series of dianetrical
and circunferential node shapes (n,m wth corresponding

ei genval ues, as shown in Fiigur e method as claimed in claim 20 wherein the rotating system is a

spindle motor having a central shaft comprising said spin axis and defining the central
rotational axis of the rotating system, and wherein said rotating system inertial load

comprises at least one disc which is subject to said undamped vibrating movement.

22. A method as claimed in claim 21 wherein the vibrating movement is
defined as a function of two angular rotations & and B which are radial and orthogonal

to one another.

10 ‘ 23. A method as claimed in claim 22 wherein the radial damping forces

are applied to said central shaft below said discs.

24. A method as claimed in claim 23 wherein the central shaft is supported
on upper and lower bearings, and a center of mass of the system is defined between the

15 bearings.

25. A method as claimed in claim 24 wherein said central shaft supports
a rotor magnet which rotates with said shaft, said radial active damping forces being

applied to said shaft.
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4. A conplete solution is given in (I) Vance, John M, "Rotordynam cs of
Tur bomachi nery", John Wley & Sons, New York, 1988; (2) Harris, Tedrie A
"Rolling - Bearing Anal ysis", John Wley & Sons, New York, 1992; (3)
Ehrei.ch, Fredric F., Ed, 10 "Handbook of Rot ordynam cs", McGawH I,
New Yor k, 1992; ¢( stein, Herbert, _ "Cl assical Mec 1.GS" nd ~
Ed., Addi son-V‘ésl(vggﬂ%go; and (5) MLeod, A J., Bishop, PE-P,H&%,.,E}-,?
"The Forced Vibration of Crcular Flat Plates", Mchani cal Engineering

Sci ence Monograph No. 1, Institute 10/’ }edhani cal Engi neers,
London, 1965; incorporated herein by reference. O nost inportance
are the (0,0) and (1,0) nodes. These are the 15 nodes that play the

nost significant role in the dynam cs of the disc drive. These two
flexibilities act to lower the axial and gyrationgl ,sii fipess of the total
system 3

P

Figure 1§:S DOF Mods!

| | N a4
o-duinlill
Gyro Modes Cylindrical Modes Axial Mode

Figure 2: 5 DOF System Mode Shapes



In order to account for the disc flexibility, the nodel shown in Figure 5

Is - used. This nodel incorporates a second inertia 32 and set of
springs 34, 35 to nodel the disc. It should be noted that while
tthis -addition should accurately predict the effect of 20 (0,0) and

(I,0) disc nodes, thi.s nodel does not have enough flexibility t ly ~
show t he inf | uen®®BPSWhe hi gher order dhsg yrofles. WO E%%;ﬁiﬁ
PCT/ US9:7/ 04277 10

Figure 3: Flexible Aan

@ |©
N ®@®
| ®

Pigure 4: Annular Plate Mods Shapes

Figure 5: Flexi_ble Disc Model]
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the eight nodes that this nodel predicts, of primary interest are the 3
ei genval ues that have the | owest frequencies. For the typical ball bearing
spindl e these . . are the forward and backward gyro and the fir T
axi al node. ThesWO&/#3¥he nodes with 3/192 PCT’U”%‘?"

) — e fig 1A




anplltudes hi gh enough to cause positioning errors in the servo control.

5 An Exanple That Illustrates the Ability to Mddify the
Vi brational Characteristics of a Disc Drive by Adding an Active
Systemin Parallel Wth Standard Mounti ng. Pursuant to

this exanple, the spi.ndle notor and discs described above are
subnitted to a tWOS@6¥tal inpact. A S|nuI20|on based on the eRfAVYEHE)

set out- above 10 shows that the rotat#o#dal 2xis nmoves in a rotating
gyroscopi ¢ node (which is |abeled as . a gyro node in Figure 2). The
foll ow ng Figures 8A, 8B and 8C present the t enpor al change of the
angul ar rotation a, [errg—et—the—r+otattorna—axrs: A
spindle notor submitted fo a theoretical |npact |s saismf{n Figure [A the

— ~ rofahon




| npact being at a distance fromthe axis of rotation 50 of the disc 10. In

t he*response 15 of the disc systemto such an inpact, the
f orwar d/ backward nodes are the nodes with anpl i tudes hi gh enough
tto cause positioning errors in the servo control. Figures 6, 7 and

8A- 8C descri be the!% lar rotation a and [err] of the rotational_ axis. For ~
exanple, in gg# Ane vi ew zy shown i ngz/g¥ 6, angle [er??’ﬂ%%oﬁgg
a

the angul ar rotation of the rotational is about the x axis. 20

Figure 7 nore clearly illustrates the-angular rotation of the discs' axis
of rotation about the x axis ([err]) and the y-axis (a). A
sinmul ati on based on the set quation (A) set out above shows

that the rotational axis of m " inertia nmoves

Plotof ([ﬁd]) in function of the time ([s]):

El gy
L = Wm B

-0.0001
-0.00015

Plot of B ([rad]) in function of the time ([s]):

0.0001

= I
e[ Y
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-0.00015
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then according to a rotating gyroscopi c node. The Figures 8A-8C present the
t enmpor al evol ution ofthe angular rotation [err] and [err] of the
rotational axis. These figures show an undanped resonant anenent"
of the rotor andW@i%@63shck. Figure 8A'is a

plot of [err] and [err] ([rad]) as a funct'qp of, ti me. 5 Shown
separately, Figure 8B is a plot of a ([ra 1na‘unctlon of the time ([s]);
and Flgure 8Cis aplot of [err] ((rad]) in function of the tine
([s]). Oncep the plot a, [err] of tjlg gyroscopifc

movenent of the discs have been /

30




measured as a function of tine, then according to this invention, the

danpi ng can be adj usted electronically by taking the derivative of
the representation of the measured 10 oscillation of the disc or
rotati-ng body. This derivative is used as a control signal to an

el ectromagnetic or ea¥$valent active danping system having an effectiveness

which is fled with time in proportlon to the gyros&&EUETYM2T
resonant novenent of the di sc % Jo reduce the magnitude
of the oscillatio gﬁﬁ can be added
in parallel to the's agﬁég AEQQQ éﬁ h Figure 1B, Figure
15 5 and Figure 9. Accordlngtothls |Ifustrat|onthe di sc 30,

previously supported at , how has an additional, active
danpi ng support no, this si mul at ed exanpl e, the active
system 60 i ntroduce.cdepidogoi N} CbeiobBHoPHE obesh al f orce
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-0.0001

.00018
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whose conponents Fx and Fy are proportional to the derivative of the

angul ar rotation [err] and [err]. A sinulation based on the set of
equation A (above) shows that the rotational 20 axis of the rotating

i nertira nmoves then according to a rotating gyroscopic node that is

rapi dly danped by. the.active system The results of the introduction of
this actively WO 97B368hnped system according to the theoreti cafCHENEM2TT
are shown in Figures 10A-10C, WO 97/ 36361 _

PCT/ US97/ 04277 i 8/12 - 14-
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mhereiﬁ Figure 10A is a paranetric plot of a and [err] ([rad)) as a

function of tine; Figure 10Bis a plot of [err] ([rad]) as a
function of time; and Figure IOCCis a plot of [err] ([rad]) as a
function of tine. A sinmul ation based on the set of
equations A set out above has established 5 that the rot Jﬂ%&@&mﬂé&s'
of the rotating VYR&P$34 woul d t hen nove according to a rotati nga)l£

gyroscopic node that is rapidly danped by ghe¢ ﬁc2ive system Conpare

Fi gures 10A, 10B and 10C to Figures 8A ~8B and 8C, respectively,
whi ch show the rapid danpi ng out ofthe oscillatory novenent, these
simul ati ons show the results which can be achi eved by this nethod.
10 An application of the theoretical exanple given above

illustrates the factjthat

F,=2F
T=0 /;3138
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it'is possible to nodify the vibrational characteristics of the system by

addi ng an active systemin parallel with the standard nounti ng.
This exanple is a practical exanple and is illustrated by the
fi:gures expl ai ned bel ow. In this exanple, the active

system used an aciwabgéseyhich is the notor itself: 15 the stator of the .
notor is used to apply a radial force directly on the nagnet. TR

11 described in plane yz the active system added between the stator and the
rotor of the notor itself. In or.deﬂ 1d @eate danping, the

actuator 60 (in Fig: 9) creates a radial force withits x and y
conponents that are calculated in order to be equal to the derivative of

the angular rotation [err] and [err] ofthe axis of rotation. The Figure 12

shows in-plane yz the 20 y conponent of the radial force. This
conmponent i s proportional to {he—aRgH-as—wel-o6-ty— plcad—-0
[err]. In this exangle, the act uatorkgsssgarcnto gener gt g das-ng forcelis t he
spi ndl e ,
function generator 'V’l’g
''''' )
amplifier |
N 'E"EIL E’]JS
G =
! _
L~ [MS‘L |30
______ J
17
(*) = synchronous multiplier RI , 2
¢ K | motor driver ' .
/ (/174
0 : B !
oombﬁlterb‘/lgo _
hf92 .
/90 Fg 16
F b . :
=c Bm_zg — NRR
amping forces
determination
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itself. The spindle components such as the magnet and the stack are used
with an additional wnding to generate a radial force which

creates the necessary danpi ng. Fi gures 13A '
shows that in sMBI’S’/‘;ﬁQ‘a di fferent corpifnAtyop of coils, P%q.%%%?'azy

possible to apply on the rotor nagnet either a torque (Figure 1 3A) or a

radi al force ygg 10 okSey € 13&05,m5d| fference bet ween Figures 1 3A and
13B r_esults fromt edlrecft—liiem —3 ,

l-rfluv‘lr'a--.!--u-!r--.
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of current flowin the coil windings. In Figure 13A, the w ndings 120, 122

establish current flowin the sane direction, producing forces as
shown, with a resultant torque. In Figure 13B, the wi ndings 124,
126 again would on phases spaced 180[err], have current flowin
opposite di rectlons E%?dum ng a desired sul tant radial force, -
appl ying 10 of a defined mabul Yutie2 a resul tant fB?Eésgf’@“%rrp
out any vi'bration creat ed. The
addi tional 2 phase wi :%mmﬁks’f.@z,shom H‘?cﬁ gure 14 has been pl aced
in the 12 slots of the v : , :Jvet—aﬂd—,pn.e
configurations are - : aval I abie as wel Suppl y4 ng the 2 phages of
this winding with 2 cdnstant. currenis will 35 - generate 2 rotajing
radial force in quadrért L
......................... Feq 1€
15 Oct 1996
14:16:50
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Figufe 15 shows a bl ock di agram of tﬁgzélebtkonics supplying-the 2 ;ﬂg§%3ﬁo Y

wi ndi ng of Figure 14 to generate a radial force given by its Cartesian !POS"JQ@
components Fx and Fy. The synchronous nultiplier processes the 2
current consigns (i[err], and [err]) as a function of thd [

force Cartesian conﬁg ts (Fx and F which re res§nt the 20 .
I mpul se. Two current &%I i fiers 8P Lo ont) B& S Wy the 2 P¥se
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Three other inputs have to be provided for the
synchronous nul tiplier 160:
to the notor speed; the

- 16’-
synchroni zati on of the
an input clock CK 164 with a frequency proportional

signal can be generated by a function generator for constant speed 5
appl i cations; a RESET signal 166 with one pul se per .
el ectrical period; this signal can be provi ded by the

mot or driver 168 which supplies the normal drive currents

to the notor 130; - a switch programred phase delay 170
that allows a direction adjustnment of 10° t he generated radia
force.

FOR THE PURPOQOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.
AL Albania ES Spain LS Lesotho S Slovenia
AM Amenia ¥I . Finland LT Lithuania SK Slovakia
AT Austria FR France LU Luxembourg SN Senegal
AU Australia GA Gabon LV Lavia sz Swaziland
AZ Azerbaijan GB United Kingdom MC Monaco TD Chad
BA Bosnia and Herzegovina GE Georgia MD Republic of Moldova TG Togo
BB Barbados GH Ghana MG Madagascar ) Tajikistan
BE Relginm GN Guinea MK The former Yugoslay ™ Turkmenistan
BF Burkina Faso GR Greece Republic of Macedonia TR Turkey
BG Bulgaria HU Hungary ML Mali T Trinidad and Tobago
BJ Benin IE Ireland MN Mongolia VA Ukraine
BR Brazil IL Israel MR Mauritania UG Uganda
BY Relarus IS Iceland MW Malawi s United States of America
CA Canada IT haly MX Mexico vz Uzbekistan
CF Central African Republic P Japan NE Niger ¥N Viet Nam
CG Congo KE Kenya NL Netherlands YU Yugoslavia
CcH Switzerland KG Kyrgyzstan NO Norway w Zimbabwe
Cl Cdie d'Ivoire KP Democratic People's NZ New Zealand
CM Cameroon Republic of Korea PL Poland
CN China KR Republic of Korea PT Portugal
CuU Cuba KZ Kazakstan RO Romania
Cz Czech Republic LC Saint Lucia RU Russian Federation
DE Germany LI Liechienstein Sb Sudan
DK Denmark LK Sri Lanka SE Sweden
EE Estonia LR Liberia SG Singapore




—er—————

Fi gure 16 is a bl ock ‘\uﬂmﬁ bl et e system for detecting the notion
to be danped in termsﬂ‘mﬂmn and controlling currents in the
notor to generate forces Two sensors 174, 176 (which may
be capacitive probes neasure the angul ar position of the axis of
rotation given WPBSHY and [err]. A cofPTilter 180 takes oufCT/Y3§70427% e .
repetitive parts ofthe S|gnal that are created %/a‘gthe repetltlve run out.

u on

The resulting Si g 2 ?% m‘i ;/Q ul ar
position of the axis orx?%tml cIQ{n Ffb '14-. ﬁl amended;. original lxms %9 c%téeg remammgca(iims
y conponents of a d or'ce ’usi rig ﬁks gegp

This derivative operation is an al gorlthmvvnich wel | known I n

mat hematical fields anl = A methodi of da ngp&kdneﬁbe@m ahi6tatng Systiai dmpriskipea spindle
Cartesi an conponents of the danping for ce are the 20 | nputs 190, 192 of

the synchr onousnofBs hhving d c@fitrdl Shaft defHirgthét@tral RtatlofRl a&id'of Bl lsystdh @id SHPPrting at least
one disc which is subject to said undamped vibrating movement;
developing a representation of vibrating inovement in the rotating system;
taking the derivative of that representation;
applying an out-of-phase active, radial damping force based on said derivative to said

rotating system to damp out said movement.

4, A method as claimed in claim 1 wherein the vibrating movement is defined as a

function of two angular rotations « and B which are radial and orthogonal to one another.

S. A method as claimed in claim 14 wherein the vibrating movement is defined as a

function of two angular rotations  and B which are radial and orthogonal to one another.

6. A method as claimed in claim 4 wherein said active damping system introduces

two radial damping forces which are proportional to the derivatives of the angular rotation a and p.

7. A method as claimed in claim 5 wherein said active damping system introduces

two radial damping forces which are proportional to the derivatives of the angular rotation a and .
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e

flaw t hrough the force gs 150, 152 to create the danping
folce. W0 97/ 36%““\““ m““‘w “
' * c
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Fi gures 17A-17D are incl uded to dermnstrate t he i nmprovenent achi eved by
the present iwoonséen. Figure 1 7A gi veg.-a neasurenment of tPET/USIPLABE tO
an i npact applied on a disc of a spindle notor. The neasured
curves are angular rotation a of the axis of rotation, angul ar
rotation [err] of the axianthotasddimedin il 6lwhedikethe $ddiud dhmpiR@ior&s YRS applied to

said central shaft below said discs.

9. A method as claimed in claim 7 wherein the radial damping forces are applied to

said central shaft below said discs.

10. A method as claimed in claim 8 wherein the central shaft is supported on upper

and lower bearings, and a center of mass of the system is defined between the bearings.

11. A method as claimed in claim 9 wherein the central shaft is supported on upper

and lower bearings, and a center of mass of the system is defined between the bearings.

12. A method as claimed in claim 10 wherein said central shaft supports a rotor

magnet which rotates with said shaft, said radial active damping forces being applied to said shaft.

13. A method as claimed in claim 11 wherein said central shaft supports a rotor

magnet which rotates with said shaft, said radial active damping forces being applied to said shaft.

14. A method of micropositioning of the spin axis or damping mechanical vibration
in a rotating system comprising a spindie motor having a central shaft defining a central rotational axis
of the spindle motor corresponding to said spin axis applying a rotating force vector created by an

actuator and controlled by the position of the spin axis as measured by a sensing device, wherein:
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5 + one inpulsion perluﬂmlllmmwwmn measur enent shows that the inpact
appl ied on the ow danped resonant novenent of the
axis-of rotation of the totbr 'and 5 * the disc. This novenent |asts at

| east during 8 revolutions of the spindle. Figure 17B

gi ves a neasur eWA7363¢1 t he response to an ippact applied on tREE/USI04277 -
disc of a spindle notor actively danped by the active system descri bed
above. The 10 nmeasured curves are angular rotation a of the axis of
rotation, angul ar rotad)ion theforde iing! iiephase quadratur@with r@pedt @6 &el Measurdd Position or
trigger S|gnal ‘that gives one inpulsion per revolution. This

measur ement shgisplaéenitht ¢f3aid ispip as; aagpl i ed on the disc creates a well danped

resonant nmovenment of the axis of rotation of the rotor and the
di sc. This nmovenent |ayts lugSHree being proportidi@ito he&@lﬁ&%ﬂnﬁﬁ@eﬂ&m@?ﬁ:e%ﬁh%k osition
15 Fi gure 17C qi ves a L| ssaj ou pl ot he response to an

i mpact appl i ed agHnphfke opposite to said velocity.

15. A method of mabiMng the central spin axis of a rotating system in a given
position, said rotating system comprising a spindle motor having a central shaft defining the central
spin axis;

a rotor mounted on said shaft comprising an inertial load and bearing means to support
said rotor for rotation relative to said shaft including devéloping a representation of the position of
said spin axis or the oscillatory movements of said spin axis; and

analyzing said representation to calculate and generate radial forces which in turn stabilize

the position of the spin axis and dampen oscillatory movements of said axis.

16. A method as claimed in claim 15 wherein the forces applied are established to be
proportional to either a derivative of position of the rotor or a velocity of oscillatory movement of said

rotor.

17. A method as claimed in claim 16 wherein the rotating system includes an

electromagnetic actuator, and the method includes applying the forces utilizing said electromagnetic

actuator.
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disc of a spindle noto III“H nﬂl | rrped The neasured curves are

andul ar rotation ” " Imﬂ Hu rotation, and angul ar rotation
[err] of the axis of rotatiort. " Fi gure 1 7D gives a

Li ssajou plot of the response to an inpact applied on the di sc of

a spi ndl e not Qo #edeigrel y danped by the acpgve system descri lpeduapwdss’ The
20 measured curves are angular rotation a of the axis of rotation, and
angul ar rotation [err] of _ the axis of rotation. WO

97/ 36361 18. A method as claimed in claim 17 wherein said electromagnetic actuator comprises
PCT/ US97/ 04277 '
stationary windings and rotating magnets surrounding said spin axis, and said method includes

energizing said stationary winding to apply said forces to dampen said oscillatory movements.

19. A method as claimed in claim 18 wherein said rotating system includes said motor

surrounding said spin axis and comprising magnets and windings rotating relative to one another.

20. A method as claimed in claim 19 wherein the magnets of said motor and the

magnets of said stabilizing actuator are a common set of magnets.

21. A method as claimed in claim 20 wherein the rotating system is said spindle motor
having a central shaft comprising said spin axis and defining the central rotational axis of the rotating
system, and wherein said rotating system inertial load comprises at least one disc which is subject to

said undamped vibrating movement.

22. A method as claimed in claim 21 wherein the vibrating movement is defined as a

function of two angular rotations « and P which are radial and orthogonal to one another.

23. A method as claimed in claim 22 wherein the radial damping forces are applied to

said central shaft below said discs.

24. A method as claimed in claim 23 wherein the central shaft is supported on upper

and lower bearings, and a center of mass of the system is defined between the bearings.
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In summary, to reduce the magnitude of the oscillations in a system such as
a di sc nounted on a spi rlﬂm”mtl LI ﬂﬂLbasi c elenents are represented in

Fi gures 11 an e oml Bystemis added to a disc drive
supporting the disc. In this exanple, the active systemintroduces
danpi ng to creat@omsssmsir adi al forces that arg proportional PCT/USYH¥2H he -
derivatives of the angular rotation [err],'z[érr]. The effectiveness of this
syst em assumnes ' that the center of nass of the system under

consi deration is on t26. r ofAainkthodilas abiinted5H claim 24 wherdire saisk eentriahshafi suppomtg . rotor
The disc 10 is.rotating on a hub supported on bearings 14.

Rotation is abghgnet WHckiotfteHRith saitl shefi paidsedidlactiveaiamping forcts being @ppliet eo saidyshed:.
60 with | am nations and coils 62. To danp out any oscillation to

t he gyroscopi c novenent as '
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10 }describéd abo he radial forces could be applied to the rofor

magret by applying a\L&h—L\Ctmdawsel ectromagnetic field. This .

el ectromagnetic fiel d l’l] I e magnet, and i _

proportional to the v "ﬁiﬂmmﬂ IE g roscopi c rmvemsnPQ)TIU§eS%-Zc/ Oal"'oz??
woul d. da out thist nove of the di g and rovi

m)vementJ.rrp ' A simul ation based' n thg set'ﬁm &ﬁrgpgc]gga

set out above has established 15 t hat t heqtgxﬁﬁgaonal axis of the
rotating inertia would then nove according to ting

gyroscopi c node that_is rapidly danped by the active system .Conpare
Fi gures 10A, WHMEiSQ%AﬁﬂE r%: Fi gures 8A, 8B and 8C, respectively,

whi ch show the rapid danpi ng out : of the oscillatory novenent which
simul ati ons have shown can be achimetis dfjdanipirg resonances in aweotating systéfh comprising a
The exanpl e presented above deals with the particular case for which the
spindle motor having a central shaft defining the central, rotational axis of the system and
S supporting at least one disc which is subject to said undampened vibrating movement;
developing a representatidn of vibrating movement in the rotating system;
taking the derivative of that representation;

applying an out-of-phase active, radial damping force based on said derivative

to said rotating system to damp out said movement.
10
2. - A method as claimed in claim 1 wherein the vibrating movement is
.-deﬁned as a function of two angular rotations d and 8 which are radial and orthogonal

to one another.

15 3. A method as claimed in claim 2 wherein said active damping system

introduces two radial damping forces which are proportional to the derivatives of the

angular rotation « and f.

- 4. | A method as claimed in claim 2 wherein said active damping system
20 introduces two radial damping forces which are proportional to the derivatives of the

angular rotation « and B
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forward and backward gypesee%n@de—s—ape;danped The introductory portion

of the . i ption ef erred enbodi nent 3{st-a@ai~56es]thﬁt
_ 100 / Zl'?
(rececare mees win | AN S 77
CT/ US97/ 0 4 i[ﬁ APR 1998
anpl i tudes high enough to cause head p05|t|on| nga-rrors [ n' L’S}I
applications. It can be established further that these could also
be the cause of significan®.err ¢k methodashelimed in claim 3 wherein thegadisllamping forces are
appl i cati ons.

applied to said central shaft below said discs.

6.  Amethod as claimed in claim 4 wherein the radial damping forces are

5 applied to said central shaft below said discs.

3 7. A method as claxmed in claim 5 wherein the central shaft is supported

“on upper and lower bearings, and a center of mass of the system is deﬁned between the

bearings.
10 | |
18. A method as claimed in claim 6 wherein fhe central shaft is suppc_)rted
'on upper and lower bearings, and a center of mass 'of the system is defined betweed the
bearings. | |
15 | . 9. A methed as claimed in claidl 7 wherein said central shaft supperts' a

rotor magnet which rotates with said shaft, said radial active damping forces being
“applied to said shaft.
B 10. A method as clairﬁed in claim 8 wherein said central shaft supports a '

20 rotor magnet which rotates with said shaft, said radial active damping forces being

ipmena il il
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For ot her applications OL._OIJJ.EL_LDI_BIJ_D.Q__S_)LSterYB It may be necesséﬁ
/ 01!-2

desi'rable to danp 5 nodes shown in Figure 2: the forward and -back

rotating. , yroscgﬂmllmﬂﬂ“l" lmmn ward and backward rotating
CK| | ngrl cal rmdg and thI | hash de. OISuch an active systemwoul d
E)ne?heer(r)'?g?: (r)ﬁal tgx?gpgnyegzh S?Ze (()1"&\) t L\é\nc;ﬁt la.?b'(.)f massgpme)sl Saﬁ;pneﬂga

vertical force applied in tfie z Aligefcd o?Qtzb:hﬂiﬁhth tral elatr
al so be noted that the inventive nethod has beeneggg alsﬁeﬁso e oﬁﬁﬁg‘kﬁtemma

Gerfvarive "0 % " P aRRENoRof el oldlfails SRR TN E——

be in time or space; onl necessary that the velocity of the
movenent of the sysf’@#ﬂ"&ts’!e é%'éﬂ’c“e’d“s For that |

‘arotor mounted on said shaft comprising an inertial load and bearing means
5 to support said rotor for rotation relative to seid shaft including developing a
_ reptesenmtioe of the position of said spin axis or the oscillatory movements of said spin

- said spindie motor having a central shaft comprising said 'sp'in axis and

W

defining the central rotational axis of the rotating system, and wherein said rotating

10 system inertial load comprises at least one disc which is subject .to said undamped
wbratmg movement; and

analyzing said repreeentauon to calculate and generate radial forces Whlch in

turn stablhze the posmon of the spin axis and dampen osclllatory movements of sa:d '

-axis.
15
3 12 A .method as claimed in claim 11 wherein the forces applied are
established to be proportional te cither a derivative of position of the rotor or a velocity
of oscillatory movement of said rotor.
.20-l o 130 A method as claimed in claim 12 wherein the rotatiﬁg system includes

an electromagnetic actuator_, and the method includes applying the forces utilizing said

' electromagnetic actu'ater.
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'ma’ttef, a represent ati on—ot—rhe—vekoci—ty—of— notion may ﬁec directl

devel oped by an
alternatives'to the pres mﬂﬁﬂﬁm be apparent to a”;g§s ?7704277

s_kl Il in the art who studi nventlon di scl osure, WhICh [
lim-ted only by the scope of the fol laging clains:. = < PSR 1998

C ai s
'14. A method as claimed in claim 13 wherein said electromagnetic
actuator comprises stationary windings and rotating magnets surrounding said spin axis,
and said method includes energizing said stationary winding to apply said forces to

d-amﬁen said oscillatory movements.

15. A method as claimed in claim 14 wherein said rotating system includes
said motor surrounding eaid spin axis and comprising magnets and windings rotating

relative to one another.

10 ' 16. . A method as claimed in claim 15 wherein the magnets of said motor

and the magnets of said stabilizing actuator are a common set of magnets.

17. A method as claimed in claim 11 wherein the vibrating movement is
defined as a function of two angular rotations o and B which are radial and orthogonal

15 to one another.

18. A method as claimed m claim 17 wherein the radial damping forces
are applied to said central shaft below said discs.
20 19. A method as claimed in claim 18 wherein the central shaft is supported

on upper and lower bearings, and a center-of mass of the system is defined between the

bearings. -
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i
l. A met hod of danpi n*ﬁ"ersoﬂamees—l#a_l;ot ating systemco n
spl'ndl e not or havin shaft defining théfbéntﬁrgl ngZtgt@éth??
axirs of ‘the system and ﬂlmpﬁgm 'r ﬁ | east one disc m S sub
to vibrating movenent, onpri si ng: sdival mR1¢998
a representation of vi br ating movement in said f24ati ng system as
function of two angular rotations [err] arJd err] of said central
rotational axis, said anguf@r. A methodasglaim uwxmgl%whbrahsadctentl‘allsh@bmqiports
to one another, taking a spacial derivative of said representation;

appl yi ng two, out - of roSbmmagnet dvhich mtdtes/with asidi sheft,fsaidaadial Adtive Baﬁ\bﬁg forces bemg
proportional to said derivative, .to said.rotating systemto danp out said

vi brating no\epphéd to said shaft. 2. A method as claimed in claiml,
wherein the radial danping forces .are applied to said central shaft
bel ow said at | east one disc. 3. Anethod as clained in claim1
or claim2, wherein the central shaft is supported on upper and | ower

bearings, and a centre of mass of the rotating systemis

B

\___\ .
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defined between said bearings. 4. A nmethod as
precedi hg claim wherein said central® shaft. suppo

FERREREY 11T

stabilising the centfal® rétaliohal®* axis of a rotating sy

gi ven position: said rotating system conpri
notor having a central shaft defining 20 said central
a rotor nmounted on said central shaft ri sing an iner
beari ng means to support said rotor for rotation r

clainmed in any
rts a rotor magnet
danpi na

REPLACENENT SREEPT
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el ative to said

central shaft;

1. A method of damping resonances in 2 rotating system comprising a spindle
motor having a central shaft defining the central rotational axis of the system and

supporting at least one disc which is subject to vibrating movement,

comprising:

the method

developing a representation of vibrating movement in said rotating system as a -

function of two angular rotations a and B of said central rotational axis, said angular

rotations being radial and orthogonal to one another,
U taking a spacial derivative of said representation;

applying.two, out-of-phasé radial active damping forces, which are

proportional to said derivative, to said rotating system to damp out said vibrating

movement.

2. A method as claimed in claim 1, ﬂvherein the radial damping forces are applied

to said cenrral shaft below said at least one disc.

3. A method as claimed in claim 1 or claim 2, wherein the central shaft is

supported on upper and lower bearings, and a centre of mass of the
defined between said bearings.

rotating system is

4, A method as claimed in any preceding claim, wherein said central shaft:

supports a rotor magnet which rotates with said central shaft, said radial active

damping forces being applied to said central shaft.

5. An apparatus for stabilising the central rotational axis of a rotating system in a

given position:

said rotating system comprising a spindle motor having a central shaft defining

said central rotational axis;

a rotor mounted on said central shaft comprising an inertial load and bearing

means to support said rotor for rotation relative to said central shaft;




said inertial |oad, which is subject to vibrating movenent, conprises at
| east ene disc; ° nmeans for devel oping a reprﬁmnﬂl‘ml\umuﬁ osition
of “r vibrating novenent of said central rqtationa i on of

two angul ar rotations [err] . and [err] of said centr&l %otat i"onal axi s which

are radial and orthogona o one .anqther; . . ~means for apalysjng said
representation ﬁ@ddagfé'éﬂ‘?@ér Y’gﬁﬁdﬁ Sybiect 42 VIRRALIG 1RO YETRIG, LATRRTINGS, At ieésqei t her
‘a spaci al gﬁéh ative of a position of said central rotational axis or a
velocity o rating novenent of said central rotational axis; and

means for gener aeang farudevelopingasrepresdntatiod of £ pesition of abvibraingangvesient on of

and to danpen- i brating novenent of said central_ rotat,ional is, ..B6.
An appar at 9§s3id CEP%?lrFEg“PHal(ﬂxﬁ % ssfunghien of tvosangylar G?féfl?i‘b“ﬂg?‘e?ﬁ S2¥hpri ses

an el ectrog@lﬂf%q hati : :a%ﬁ ' | nﬁfl%i' S. 7. An
apparatus as ¢ g{:%ggﬁ%lléifcs‘»ﬂg?xﬁ:nﬁ’ar @éﬁcﬁoﬁtﬁt}c@ € ecﬁeoafrrrlg%%gi i c actuator
conprises stati axeany for andlysing saitireprdsaitatich weglvtlate fadidl foreds ndicheard centr al
rotational axis, and said stationary w ndings are energised tq apply said
radi al for peoportional to either a spacial derivative of a position of said central rotational axis or
a velocity of vibrating movement of said central rotational axis; and _
means for generating out-of-phasé radial forces to stabilise a position of and to

dampen vibrating movement of said central rotational axis.

_ 6. An apparatus as claimed in claim 5, wherein said rotating system comprises an
electromagnetic actuator for applying said radial forces. |

7. An apparatus as claimed in claim 6, wherein s2id electromagnetic actuator
comprises stationary windings and rotating ma=gnets surrounding said central
rotational axis, and said stationary windings are energised to apply said radial forces.

8. An apparatus as claimed in claim 7, wherein said spindle motor surrounds said
central rotational axis and comprises magnets and windings capable of rotating

relative to one another,

~.

9. An apparatus as claimed in claim 8, wherein the magnets of said spindle

motor and the magnets of said electromagnetic actuator are a common set of magnets.

10.  An apparatus as claimed in any one of claims § to 9, wherein said radial
forces are applied to said central shaft below said at least one disc.

11.  An apparaws as claimed in any one of claims 5 to 10, wherein said central
shaft is supported on upper and lower bearings, and a centre of mass of the rotating
system is defined between said bearings.
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8. An apparatus as claimed in claim7, wherein Said spindle notor

surrounds said central rotational axis and conprise H jmﬂuu\wmfl ngs
capabl e of rotating relative to one anot h?rz. 9. s““m
clained in claim8, wherein the nmagnets of "said spindte ottor *antl the

magnets of said el ectromagpeti ¢, actuator_ are a common set aof nagnets. 10.
An appar a2us asnepearﬁ@aaﬁ%ﬂ&nsf%@nywneafmﬂ@sé todlg W sud %%‘?Q radi al

forces ar ' | ] . | : kSc.
17 an e AReRi 4 o3l gh Wi rll b suienar il WSHARIBERSC
icentral epdg applied ¢ paid iceatralrshafeper and | ower bearings, and a centre of
\mass of the__:_rot ating systemis defined between said bearings.

13. A method as claimed in any one of ¢laims 1 to 4, wherein said central shaft is
supported at one end.

14. A method as claimed in aﬁy oné of claims 1 to 4, wherein said central shaft is |
fixed. v
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12. - An apparatus as clainmed in any one of clains 5 to 11, whereln ;oo b

centval shaft supports a rotor magnet which rotates with sald centraf £ “’P’J‘
shaft, saixd radial forces being applied to said central shaft.
methqe as clainmed in any one of claims 1 to 4, wherein said centr %#%

s supported al one gedy 14 wouBBHANcRS AbRldRobiAGY ONe
to 4, wherein said c al shaft 1 s fI Xe(intemational Bureau
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