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RETRACTION OF A D1SC DRIVE 
ACTUATOR 

This invention relates genera11y lo the field of disc drive data. storage devices~ 

and more particularly. but not by way of limitation. to a method and apparatus for · 

providing low velocity retracticm Qf mi actuator through application of an exponentially 

ramped voltage to a disc drive \1oice coil motor. 

Modem ham disc drives comprise one or more rigid discs that 8l'C coated with 

a magnetizable medium and 1nounted on the hub of a spindle motor for rotation at a 

constant high speed. Information is stored on the discs in a plurality of concentric 

circular trock.'i hy an array of tmnsducers ("heads") mounted for movement to an 

electronic:nlly controlled actuator mechanism. 

Presently, the most commonly used type of actuator mechanism is the rotary 

voice coil actuator, \\o'hich ernpl<>Y!' a voice coil motor. With this type of actual<>t, the 

heads used to write and read data are mounted via flexures at the ends a plurality of 

anns which project radially outward from a substantially cylindrical actuator body. 

The actuator body js journaled via ball bearing assemblies to rotate about a pivot shaft 

\\ilich is mounted to the disc drive housing at a J10Sition closely aqjacent the outer 
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extreme of the discs. the pivot shaft is parallel \\.ilh the axis of rotation of the 

spindle motor and the discs and the heads move in a plane parallel with the surfaces 

of the discs. 

lhe actuator voice coil motor includes a coil mounted on the side of the 

actt.mtClf body orrositc the head mm~ mi a.q to be inm'lel'Sed in U1c magnetic field nf an 

army or permanent mogneL41. When controHccJ [:K:; current is pa.tise<I through the coil. a 

magnetic field is set up which interacts '"ith the magnetic field of the permanent 

magnets and causes the coil to move relative to the permanent magnets in accordance 

\"ith the well-known Lorentz relationship. As the coil moves relative to the permanent 

magnets, the actuator body pivo~s about the pivot shaft and thci heads are moved 

across the disc surfaces. 

Control of the movement of the heads is achieved with a closed loop servo 

system such as disclosed in U.S. Patent Number 5,262,907 entitled HARD DISC 

DRIVE WITit IMPROVED SERVO SYSTEM, issued to DufiY, McKenzie, Heydari 

and Woods. assigned to the a.-;signee of the present invention and incorporated herein 

by reference. tn such a system, position or servo information is prerecorded on at 

least one surface of one of the discs. The servo system can be either a dediatted 

servo system, in which servo information is provided on a dedicated servo disc 

surface, or an embedded senro system, in which servo information is interleaved with 

user· data on au the disc surfaces. 

At such times that the disc drive is not in use, the beads arc usually "parked", 

or moved to a position over a designated park zone '"hich is generally at an inner 
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radiuq of the discs. J icitds Dre {!Cncm11y Jlc'lrked jn ~p<>h.'ie to a Joss of rcl\.Yel' to the 

dri\'c. or in rcspon.~c lo a "~leer" cnntnmnd which is is.~ued to conserve pnwer. an 

important consideration for dri\'es used in portable computers. Jn order to pnrk the 

heath a current is provided to the coil in order to tnove the actuator acros.c; the disc 

and over the park 7..one, where a latch i5 rrovided to secure the actuator. Typical 

latching armngcn1e11ts are disclosed hy l J.S. Patent No. 5~ J 87,627 entitled MAv'"NETIC 

LATCH A.ND CRASH STOP. issued lo Hickox and Stram, U.S. Patent No. S.224t000 

entitled CRASH STOP AND MAGNE'nc LATCH FOR A VOICE corL 

AC11JATOR, issued to Casey and West. and U.S. Patent No. 5,365~389 cntilJcd 

CRASH S1l)P AND MAGNETIC LATCfL issued November 15. 1994 to .labbari and 

Tafieshi. all of these references being assigned to the assignee of the present invention 

and incorporated herein by reference. 

It is genera11y desirable to park the heads quickly,. as the power to park the 

heads at the time of a powa loss is typically provided from the back EMF of the 

spindle motor. that is. after a loss of pm."-er, the spindle motor is used as a generator 

as it continues to spin due to inertia. As areal densities increase and the si?.e of the 

discs continue to decrease, the amount of power available from the inertia of the 

spinning spindle motor after power dm,"n will continue to deaease. making 

expeditious parking of the heads an even more important consideration in the future. 

The general u.c;e of the spindle motor back EMF to provide. power used during a disc 

drive shut do'"n sequence is discussed in U.S. Patent No. 4,679, l 02 entitled ME:moo 

AND MEANS FOR PARKING READ/WRilE HEADS IN A DISC DRIVE USING 
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THE BACK-EMF OF ttm SPINDLE MOTOR TO OPERAlE A SJEPPER MOTOR, 

issued to Wevers. K.rau.c;e and Batt~ assigned to the DSSignee of the present invention 

and Incorporated herein by reference. 

Additionally, the heads are lYfJically supported over the discs by an air-bearing 

surface generated by the rotation of the discs and this air-bearing surface will be lost 

once the ,rotational speed of the discs is sufficiently dc:creased. Typically, the heads 

are parked by applying a OC current pulse to the coil in order to move the actuator to 

the pack position. The duration end magnitude of the current pulse are selected in 

order to ensure the heads are reliably parked from any position on the disc, including 

the outennost radius of the disc. 

While it is desirable to park the beach quickly, attendant problems have been 

observed \\'hen the actuator t, moved too rapidly during parking. Particularly, the 

application of a current pulse to the voice coil motor to park the hes&. can result in 

significant ac:celerotion of the heads towards the park position, culminating in 

undesirable aooustic noise a.ii; the actuator contacts a limit stop or magnetic latch. 

Further. the sudden deceleration of the actuator upon contact with the limit stop can 

subject the heads to uncontrolled mechanical motion and vibration, which can dainage 

the heads, the nctuator nnn.c; and the .disc media. With the advent of smaller, more. 

complex head designs. such as MR and GMR heads. reducing mechanical motion and 

shock to the heads will continue to be desirable in the future. 

Uncontrolled bias forces. if not compensated. can compound the problems 

associated with the perking of the hcad.c;. Aerodynamic forces on the head.c; as well as 
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bias forces from a flex circuit connected to the actuator (to provide both data signal and 

drive signal paths) vary across the disc radius and may cause additional acce1eration of 

the heads toward the park posit.ion, causing additional acoustic noise and head motion 

when the actuator is parked. Further. electrical and mechanical t.olerances in the 

components used in the actuator and associated control circuitry can also result in 

variations in parking characteristics from drive to drivet which can require individual 

tuning of drives during manufacturing to provide acceptable parking characteristics. 

In one aspect, the present invention enables the implementation of a method and 

apparatus for providing a low velocity retraction of a disc drive actuator during a parking 

operation. The apparatus comprises a voltage generator circuit for generating a plurality 

of discrete de voltage levels, a timing circuit for providing a series of timing pulses, and 

a selection circuit .responsive to the voltage generator and timing circuit that outputs a 

voltage· profile of increasing voltage steps from the voltage levels and the timing pulses. 

The voltage profile iS preferably provided to a driver c:kcuit that drives a voice 

coil motor which, in tum, positions the actuator with respect to the discs of the disc 

drive. The application of the voltqe profile during the parking opetation causes the 

driver circuit to act as a voltage source for the voice coil motor. Ext.ernal bias forces 

upon the actuator tending to force the actuator towards the park position generate a back 

EMF in the coil, opposing the voltage source of the driver circuit and the motiort of the 

actuator towards the park position. The actuator is -thus velocity limited and the voltage 

profile is selected to bring the actuator to the park position at a terminal velocity 

sufficiently decreased as to gene.rate acoustic noise and motion below predetermined 

acceptable limits. 

In another aspect, the present invention enables the implementation of a disc drive 

comprising: 

a disc; 

actuator means; 

----------
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voice coil motor means for positioning the actuator means relative to the disk; 

voltage generation means for generating a plui:ality of discret.e voltage levels; 

and retraction means for receiving a voltage from the voltage generation means 

and genemting a signal based on said voltage for transmitting to the voice coil motor 

means to control said voice coil motor means to urge the actuator means towards a 

parked position • 

In a still further aspect~ the present invention enables the implementation of a 

method for parking the actuator means of a disc drive comprising: 

generatinz a plurality of discrete voltage levels; 

providing a sequence of timing signals; 

using the plUiality of voltages and the sequence of timing signals to generate a 

voltage profile, the voltage profile comprising the plurality of voltages arranged as a 

series of timed, sequential voltage steps, each step having an increased voltage level; and 

applying the voltage profile to the voice coil motor to retract the actuator to a 

park position. 

In a still further aspect, the present invention enable5 the implementation of a disc 

drive having a disc and an actuator adjacent the disc, the disc having a plurality of 

concentric data tracks, the disc drive having control circuitry for positioning the actuator 

with respect to a selected data track, the control circuitry including driver circuitry for 

driving a voice coil motor to posidon the actuator, the disc drive comprising: 

voltage generation means for generating a plurality of discrete voltage levels; and 

.retraction means, responsive to the voltage generation means, for applying the 

discrete voltage levels as a series of timed, stepped voltages to the driver circuitry to 

retract the actuator to a park position. 

In a still further aspect, the present invention enabl.es the implementation of a disc 

drive having a disc, a spindle motor for operably rotating the disc at a nominal 

··----------- --------
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operational speed, an actuator adjacent the disc and control circuitry for positioning the 

actuator with respect tD the disc, the disc having concentric data tmcks and a park mne, 

the actuator having a transducer positioned by the control circuitxy with respect. to a 

selcct.ed data track durini rotation of the disc at the nominal operational speed, the 

actuator including a coil of a disc drive voice coil motor. the control circuitry including a 

driver circuit for providing current to the actuator coil, the disc drive comprising: 

indication means for indicating receipt of a command to halt rotation of the disc 

at operational speed; 

voltage generation means for generating a plurality of voltages at discrete, de 

voltage levels; 

timing means for providing a series of timing signals; 

selEction means, connected to the indication· means, the voltage gene.ration means 

and the timing means, for outputting a voltage profile to the driver circuit to move the 

transducer to the perk zone in :response to the indication means, the voltage profile 

comprising the voltages generated by the voltage generation means arranged as a series 

of timed, sequential voltage steps, each step having an increased de voltage level. 

In a still :further aspect, the present invention enables the implementation of a 

disc drive of the type having a disc, a spindle motor for operably rotating the disc at a 

nominal operational speed, an actuator adjacent the disc and control circuitry for 

positioning the actuator with respect to the disc, the disc having concentric data tracks 

and a park zon~ the actuator having a transducer positioned by the control circuitry with 

respect to a selected data track during rotation of the disc at the nominal operational 

speed, the actuator including a coil of a disc drive voice coil motor and the control 

circuitry including a driver circuit for providing current to the voice coil motor. an 

improved method for parking the actuator comprising the steps of~ 

generating a plurality of voltages at discrete voltage levels; 

providing a 5equence of timing signals; 

·-·-----··· .-------

iii 11ii1i111i11r 
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using the plurality of voltages and the sequence of timing signals to generate a voltage 

profile, the volt.age profile comprisina the plurality of voltages arranged as a series of 

timed, sequential voltage seeps, each step having an increased voltage level; and 

applying the volmge profile to the voice coll motor to retract the actuator to a 

park ppsition. 

In one embodiment to be descn"bed below, the voltage profile comprises eight 

discrete voltage levels from O to 320 millivolts. In another embodiment to be descn"bed 

below, the voltage profile comprises two discrete voltage levels, 160 and 320 millivolts. 

An object of the present invention is to provide a method and apparatus for 

providing low velocity retraction of a disc drive actuator during a parking operation. 

Another object of the present invention, while achieving the above stated object, 

is to provide a method and apparatus that generates and outputs a voltage profile of 

increasing voltage to a disc drive voice coil motor circuit during a parking operation. 

Still another object of the present invention, while achieving the above stated 

objects, is to provide the voltage profile such that the velocity of the actuator tipon 

re.aching the park position results in acoustic noise and mechaniCal motion of the actuator 

that are below predetermined acceptable limits. 

Another object of tho present invention. while achieving the above stated objects, 

is to compensate for external bias forces upon the actuator that tend to accelerate the 

actuator towards the park position. 

Yet another object of the present invention, while achieving the above stated 

objects, is to compensate for significant amount's of mechanical and electrical offsets 

within the system. 

Other objects, advanmges and features of the present inventi0n will be apparent. 

from the following description when read in conjunction with the drawings and appended 

claims. 
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Embodiments of the present invention will now be described by way of example 

only and with reference to the accompanying draWings, in which: 

Fig. 1 is a perspective view of a disc drive in which the present invention is 

particularly useful; 

Fig. 2 is a block diagram of a servo system constructed in accordance with the 

present invention, used to control the actuator of the disc drive of Fig. 1; 

Fi&. 3 is a block diagram of the VCM control circuitry of Fig. 2, showing a first 

embodiment of the apparatus of the present invention; 

Fig. 4 is a block diagram of the h-bridge driver circuitry of Fig. 3, and also 

shows the coil of Figs. 2 and 3; 

Fig. 3 us a graphical representation of the velocity of the actuator of Fig. 2 as 

well as voltage and current waveforms passing through the coil of Figs 2-4 during a head 

parking opera.ti.on for a particular four disc~ 2.5" diameter disc drive; 

Fig. 6 is a. graphical representation of the velocity of the actuator of Fig. 2 as 

well as voltage and current wavefonns passing through the coil of Fig. 3 during a head 

pat.king· operation for another four disc 2.5'" diameter disc drive having chatactcristics 

different from the disc drive of Fig. S; 

Ftg. 7 is a block diagram of the VCM control circuitry of Fig. 2, showing a 

second embodiment of apparatus of the present invention; 
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FIG. 8 is a graphical rerresentation of the velocity of the actuator of FlO. 2 as 

welt as ''<>ltage and current wnvefonns passing through the coil of FIG. 7 during a 

head parking operation for a particular 2 disc, 1.8" diameter disc drive. 

Turning now to the drawings and ~ particularly to FIO. 1 ! shO\"VTI is a 

perspecti\'e view of a disc drive I 0 of the type in which the present invention is 

particularly mefu1. 111e disc drive 10 includes a housing base 12 and a top cover (not 

shown) which cooperath.1ely engage to form a sealed housing ·which serves to protect 

delicate: internal components from external contaminants. 

A plurality of discs 16 are mounted for rotation on a spindle motor hub 14 

using a disc clamp (not designated). An array of heads (one shown at 30) is mounted 

via head mms 26 which are part of an actuator body 22 which is adapted for pivotal 

motion about a pivot shaft 24 under control of a voice coil motor, shO\vn generally at 

20. 

The voice coil motor (VCM) 20 is driven by electronic circuitry (not shown in 

FIG. 1) to controllably move the heads 30 to any desired one of a plurality of 

concentric circular tracks 18 on the discs J 6 along arcuate path 32. At such time 

that the heads 30 are to be "parked'\ the heads 30 are moved to a position towards the 

innennost radius of the disc 16 and the actuator body 22 is latched in position by way 

of a conventional latching arrangement (not shown). 

Thus~ for the disc drive 10 of FIG. 1, a "park mne11 (not designa~ in FIG. I) 

is established at the innmnost radius of the discs 16 so that, when the spindle motor 

11iiHU1ii1Wtr, 
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hub I 4 is not rotating the di~. the hcnds 30 are moved so as to rest on this park 

zone, preventing mechanical damage tet the data recording surface of the discs 16 and 

to the heads 30. It \\i11 be recogni7.ed •. of course, that the park zone ooutd ~ located 

elsewhere, such as a position towardlll the outermost .radius of the discs 16, but for 

purposes of discu..~ion the park zone will be considered to be located towards the 

inncnnost radius. 

Signals used to contml the VCM 20. a.i; '"-ell as signals to md from the heads 

30. are pmsed via a flex cimdt 34. Control of the VCM 20 is provided by a servo 

systern as shown in FIG. 2. "i1ich provides a simplified block diagram of a typical 

servo system in \\'Tiich the rresent invention is particularly useful. Shown in FIG. 2 is 

the actuator body 22 of FIG. l which pivots about the pivot shaft 24 when drive 

current is applied to a coil 36 n~1ich lies between a pair of ~t magnc:L~ (not 

s~"n in. FIO. 2). On the opposite side of the actuator body 22 from the coil 36 is 

~ho\\:TI the head artns 26 which suppnrts the heads (two of which are designated a.~ 

30A. 30B) which are arrayed to cooperate with the discs (designated a.c; 16A, 16B) 

mounted for rotation on the spindle motor hub 14. While, in actual disc drives, there 

could be a larger number of discs. and a head ai;sociated with each disc surface, for 

purposes of clarity. only lwo.dii:;c.~ 16A 16B and two heads 30A 30B are sho\m . 

For this and the following discussion. it will be assumed that the disc drive 10 

of the present discussion employs a dedicated servo system. so that the top head JOA 

is a servo head and the top surface of the top disc 16A is a servo disc thnl contains 

prerecorded positional servo information. All other heads and discs will be referred to 

lifliliiiHii 
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as "data heads" or "read/\\.rile heads" and "data discs••. respectively. It \viii be 

recogni~ hO\Ve\'cr. that the present invention is not dependent upon the USC of a 

particular type of servo systen\ and that the present im•ention could be uti~ized in a 

disc drive employing an embedded servo system. 

A, "ill be recognized. the "'i.c;ic ('rinciple of operation of the servo system is 

th:.tl. if the scrv<l head 30.1\ am he mndc l<l ~eek lo m1d foftow a given servo track t 8A 

on the servo disc I 6A. all data head, 308 will simultaneou~ty seek to and follow 

c~ding data track.-J 18B. To facilitate this seeking and track following. servo 

data read from the serw disc I 6A is directed by way of signal path 38 into a servo 

loop 40 \\'i1ich includes a preamplifier block 42, servo data decode logic 44 \'\onich 

includes an analog-to-digital (AID) converter (not sqmately shown), a servo 

microprocessor 46 with associated RAM 48 and a VCM control circuit 50, which 

includes a powe!" amp and a digital-to-analog (DIA) converter (both of which are not 

separately shown). A more detailed description of the operation of the sen10 loop 40 

can be found in the previously incorporated Duffy et al. reference, U.S. Patent No. 

5;262,907, but generally, the servo loop of FIG. 2 controls the position of the heads 

JOA. 30B with respect to the discs l 6A, 168. 

As described abnve, the present invention provides an improved apparatus and 

met.hod for parking the heads. and FIG. 3 shows the VCM control circuit 50 of FIO. 2 

and contains circuitty for implementing the preferred embodiment of the present 

invention. Before describing the construction and operation of the circuitry of FlO. 3, 

however., it may be helpful at this time to first provide an overview of the present 
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in\"Cllli<1n. a.c; nn;c embodied in FtCl 3. 

·nic ~cnl invention comrri~ parking nn actuolor through the arrlication of 

a voltage profile of limed voltage ~tep.q of intrea.4'ing value to an h-bridge driver 

circuit used to drive the actunl<>r VCM coil. More particularly. the h-bridge driver 

circuit is configum.f during the· parking operation so as to act as a voltage source for 

the coil in \\ilich incrementally larger amounls of voltage are applied across the coil. 

Jn this way~ the h-bridge driver cin:uit sets and maintains the voltage across the coil as 

the coil pa~'ies through the magnetic field provided by the pennanent magnets. 

regardless of the magnitude ru1d direction of the current that flO\\.'S through the coiJ. It 

wiH thus be noted that ch.U'ing the park operation. lhc circuit is operated in an open 

loop conditi(ll1 in comparison to the closed loop condition used during nonnal drh-c 

operation. 

For disc dri\'es having: a design such that bias forces on the actuator (such as 

from ""itidage and from the flex circuit) tend to force the actuator inwnrdty towards 

the parking mne. during a parking operation these forces will tend to cause the 

actuator to try to accelerate towards the parking zone at a rate faster than provided for 

by the voltage source ac; lhe actuator is being parked. Ho·wevert the additional 

acceleration of the coil caused by the bias forces will cause the generation or a back 

EMF in the coil which \\ill oppose this acceleration of the actuator. The voltage 

source \\ill thu~ limit the velocity of the actuator and act as a dynamic brake. forcing 

the actuator to fbUmv an acceptable velocity trajectory into the park position. 

On the other hand ifthe design of the disc drive is such that the bias forces 
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tend to forq: the actuator ouh\-'Dl'dly from the parking zone (either acros.'4 the entire 

disc or only et certain rndiu.qes on the disc until a null poinl is reached). then the 

~ing \l('lltage rrome \"ill be applied to the a>il until sufficient force is provided 

'to the actuntor to overcome the outward bias forces and move the actuator to the parlc 

position. Whe:n the bias forces are outwardly directed across the entire disc surface~ 

the gradual application of the voltage across the coil will ensure the actuator reaches 

the park position at l!ll acceptable Yelocity. On the other hand. as is more typical. 

when the bia.~ forces are in\or,'Dfdly directed for some portion of the disc surface and 

then outwDrdly directed at a second portion inqide the first portion. the voltage profile 

wilt operate to limit the effcct.q or the imvardly directed bias forces until a nun point i.~ 

reached: then. the voltage rronte '"ill provide sufficient force to the actuator to 

overcome the outward bias rorces and continue to move lhe actuator toward~ the pork 

position at an acceptable vek'lcity. 

Of course. a difTerenl voltage profile is developed fur each of the above cases. 

However. in each ca~e. the heads will generaJJy be parked before all the voltages in 

the profile have been applied to the coil. and this will be a function of not only the 

bias forces upon the actuator. but also the mechanical and electrical offsets in the disc 

drive as '"-ell as the initial position of the heads at the start of the parking operation. 

Nevertheless, to ensure the heads ate always parked correctly, the maximum voltage in 

the profile {thal is, the Jast step voltage) is chosen so as to provide at least the. 

minimum amount of current specified for the coil in order to park the heads. These 

and other considerations wiJI be explained in detail below in coryunct.ion \\'ith a 
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description or the comtroction and operation or the presently pref erred embodiments . 

of the present inventiro. as follows. 

Referring again to FIG. 3. shtm·n therein i~ the VCM control circuit 50 of FIO. 

2, which includ~ a ~onventional VCM control block 52 that provides nonnal closed­

loor operational control of the coil 36 by way of n conventional h-bridge driver circuit 

S4. More particularly. dtring nnnnal operation of the disc drive {that is, during ntl 

operations other than a head pru-king operation which is initiated upon receipt of a 

RETRACT cotnmnnd). with reference to F1G. 2, the servo micm~or 46 

determines the necessary current magnitude and polarity that should be applied to the 

coil 36~ and provides a represcntati\-·e digital signal on signal path 56 to the VCM 

control block 52. 'l'he VCM control block 52 converts the digital sign2l to analog and 

provides, by way of a power amplifier {not shown). an analog signal on signal path 58 

to an analog multiplexer 60 (hereinafter "mux"). More disamion conceming the 

analog mwc 60 will be provided below, but during nonnal operation of the disc drive, 

the unnlog mux 60 connects the signal path 58 to an output signal path 62. which is 

provided as an input to the h-bridge driver circuit 54. 

Tuming io flG. 4. sho"rn therein is a schematic block diagram of the h-bridge 

driver 54, "'bich provides the desired current to the coil 36 by way of FETs 64. 66 .. 68 

and 70. a voltage source 72 (providing a voltage Vs), and a ground connection 74. As 

shO\'n in FIG. 4, the signa1 on signal path 62 from the analog mux 60 of FIG. 3 is 

provided to the gates of FETs 64 and 70. At the snme time, the signal on signal path 

62 is inverted by an inverting amplifier 76 so that an inverted signal is applied to the 
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gates of FETs 66 and 68 by way of signal path 78. Jn this way, current can be caused 

to flow from the ,10Jtage source 12, through either FET 64 or 66 (depending upon the 

polarity of the signal from path 62), through the coil 36, through the oorresponding 

FBT 68 or 70, and then to ground. 74. Of~ the magnitude of the eutrent flowing 

through the coil 36 is detennined by the magnitude of the voltage applied to the paits 

of FETs 64 and 70 or 66 and 68. respectively. 

Additionally~ the circuit of FIG. 4 is shown to include a current sense block 80. 

which senses the current passing through the coil 36 and, in response thereto, provicb 

a current sense signal on signal path 82 back to the VCM control block 52 of FIG. 3. 

The current sense block 80 of FIG. 4 provides conventional current sensing 'V'lithout 

otherwise interfering with the nonnal operation of the circuit of FIG. 4. For reference, 

the current sense block 80 may be implemented in a variety of ways, including the use 

of a current sense resistor in conjunction with a co1npm ator or using a cmrent mirror 

mnngement, both of which are well known in the art. As will be desaibed in more 

detail below, current sensing is specifically not used during the parking operation of 

the present invention. 

It \Vill lhus be recognized by those skilled in the art that, during mmnal 

operation, the disc drive of the present invention employs a conventional VCM control 

arrangement with a conventional h-bridge to control the eutrent passing through the 

VCM coil. It will further be recognized that the h-bridge driver circuit illustrated in 

FIG. 4 has been greatly simplified and that additional components. such a,, a vo.Jtage 

sense circuit and protection components may be commonly employed. but are not 

... ......,. 
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sho\vn therein. l loweYer. the h-hridge driver circuit as shm.vn i! sufficiently detailed 

to explain the oremtion or the prererred embodiments of the present invention, the 

first of which wilJ now be discwised '"ith reference again to FIG. 3. 

FIO. 3 shO\\'~, in addition to the elements described thus far. a voltage 

generator circuit 84. a foi1r·bit eotmter 86. and an analog ntU.'< 88 having eight inputs 

(designated as A through H), three select input.c; (designated as SO, SI and S2) and one 

output (designated as Vout). Particularly, the voltage generator circuit 84 receives a 

reference voltage (designated a.~ Vref) on signal path 85 and generates a plurality of 

voltage levels. The reference voltage Vref can be any available disc drive voltage 

sufficient to generate the desired output \1oltages. In the embodiment presented. the 

voltage generator circuit 84. generales eight voltages al 0, 5, 10, 20, 40, 80, 160 .and 

320 millivolts.. a.c; sho\vrt. Voltage generator circuits are \\.'ell known in the art and 

may be implemented i11 a variety of ways, including the use of a resistive ladder 

network. A<:i shmvn in FIG. 3. the eight voltages generated by the voltage generator 

circuit 84 are provided as outputs which are correspondingly connected to the eight 

inputs of the analog rnmc 88 by way of eight signal paths (designated collectively in 

FIG. 3 as item 90) .. 

Also having connections to the select inputs of the analog mux 88 is the 

counter 86, which is shO\'\rn to hm.'e outputs Ql. Q2. Q3 and Q4~ with QJ being the 

least sisnificant QUtput bit and Q4 being the most significant output bit. Output.~ Ql, 

Q2 and Q3 arc connected a" shm\11 to the serect input~ SO, SI and S2, respectively, of 

the analog tnU."< 88. 11tc counter 86 recci\'eS a clock input from signal path 92 and an 
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enable input from the RETRACT signal on signal path 94, both of which will be 

discussed more fully below. lbus, as '"ill be recognized. once the counter 86 is 

enabled~ it will begin counting at a frequency detennined by the clock jnput and 

output an increasing digital count on outputs QJ through Q4. 

Returning to the anaJog mux 88, the output Vout is provided by wny of a 

signal path 96 to an "A" input of the analog mu.~ 60, and the signal path 94, \\.'hich as 

described above provides the RETRACT si@'tal as an enablement signal to the counter 

86, also provides the RETRACT signal aCJ a select input to the analog mux 60. 

Having concluded q brief description of the construction of the circuitry of 

FIG. 3. operation of the circuitry will mw be discussed. As provided hereinabove, 

during nonnal operation of the disc drive the VCM c.ontrol block 52 (in conjunction 

''1th the rest of the servo loop of F10. 2) provides closed-loop control of the actuator 

position. To accomplish this. the RETRACT signa' on signal path 94 is at a state 

such that the analog mux 60 connects the "a•r input from signal path 58 (providing the 

output of lhe VCM control block 52) to output signal path 62 and on to lhe h-bridge 

driver circuit 54. However. upon receipt of a RETRACT command, the VCM control 

block 52 is switched out of the circuit and is not used during a head parking operation, 

as described below . 

Particularly, during disc drive operation a RETRACT command (to retract the 

actuator) will be generated upon the occurrence of certain conditions, such as (but not 

limited to) a loss of pm"-er. the detection of a seriom failure condition or error, or the 

receipt. of a "sleep" command. As discussed above, it is desirable to park the heads in 
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an cxpeditiou.c; manner once the computer has been turned off or \'\ITicn a failure 

condition ha~ been detected. Similarly. to conser\'c battery life, many portable 

computers provide a steer option that shuts do\\.TI spindle motor operation (either by 

the user or on a time·out b~is). 1lic present invention1 of course. does not depend 

upon the circumstances surrounding a RETRACT command, but s~mply ·begins 

opCration once such a command is receiYed. 

At such time that a RElRACT command is issued after the occurrence of any 

of the above described conditions. \\ilh reference to FIG. 3. a signal is provided on 

signal path 94. which enables the counler R6 and instructs the analog mu.'C 60 to 

connect input signal path 96. to output signal path 62. Once enabled:- the counter 86 

begins cotmting '-'P""wd at the frequency provided from the clock input, and outputs 

the incremental cowrt to the select inputs SO, S 1 and S2 of the analog mux 88. The 

first eight cotmts of the counter 86 will thus cause the analog mux 88 to sequentially 

select each of the input voltages provided by the voltage generator circuit 84 to inputs 

A through H, so that the signal path 96 is presented with a voltage of 0 m V for the 

fttSt clock period. 5 mV for the second clock period, and so on through the remaining 

voltages. Setting the duration of each clock period {~ well as the number and value 

for the voltages applied within ead1) dependc; upon a variety of factors, including the 

mechanical and electrical construction of the disc drive, and additional discussion 

concerning the tailoring of a voltage prome for a disc drive will be provided be1ow. 

For the present example. hnwever. each of the eight clock periods is on the order or 

100 milliseconds (providing n ma"<imum time over which to park the heads of about 
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800 milliseconds). Such a relatively "slow'' clock may he obtained by the use of one 

or more divider circuit.11 (not shown) in co11junclion with a system clock. and the use 

of such techniques is weJI known in the art. Of course, during a power shut down 

condition, ac; described above the power provided to the clrouit is generated fi"om the 

spindle motor by \VBY of a spindle motor generator circuit t 00, as represented in FIG. 

2. Such spindle motor generator circuits I 00 are "veil kn0\'\111 in the art and operate to 

provide a rectified OC voltage level capable of sustaining the operation of the circuitry 

long enough to properly park the heads and shut down the disc drive. For additional 

discussion, reference may be made to the previously incorporated Wevas et al. 

reference. U.S. Patent No. 4,679.102. 

As the RETRACT signal on signal path 94 causes the analog mux 60 to 

connect the ''A" input to the output on path 62, the voltages placed on signal path 96 

by the analog mux 88 are provided to the h-bridge driver circuit 54. With reference to 

FIG. 4, the voltages on signal path 62 are applied to the appropriate pair of FETs, 

either 64 and 70 or 66 and 68,.depending on the orierttation of the coil (the FETs 

chosc:n, of course, will be those which cause the coil to move inwardly towards the 

park mne). It \\'ill be recogniz.ed that. although the h-brid~ driver circuit during 

normal operation acts as l\ CUJTent source for the coil, so that the current through the 

coil is maintained regardless of the voltage across the coiJ, this is not the case during 

the head parldng operation; rather, the h-brldge during the p:mrjng o~tion acts as a 

voltage source., so that the '\o'Oltage acros.'i the coil is maintained regardless of the 

current that flows through the coil. 
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A~ the sequct1ee of voltages are prmidcd to the r-ETs, the actuator will initially 

begin accelerating the heads toward the park z.one. However, inwardly directed bias 

forces on the actuator (including windage and flex circuit forces) will cause the coil to 

accelerate even fa.,ter through the magnetic field of the pennanent magnet.' beyond 

that "~1ich was induced iniliafly by the voltc1ge source. lhis additional acc~teration 

through the magnetic field will generate a back EMF in the coil that will be 

counterbalanced by the voltage provided by the voltage source of the lt-bridge. The 

net effect is that. as the voltages are increasingly applied to the FEfs. the coil wiH be 

velocity limited and \\.iJI cause the heads to arrive at the park zone at a velocity within 

predetermined. desired limits. 

It ""ill be recognized that the heads will be effectively parked at some point 

during the parking operation~ not n~sarily at the conclusion of the clock intervals 

(i.e .• the eighth interval for the circuit of FIO. 3). Rather. depending on the electrical 

and mechanical construction of the disc drive, as well as the location of the heads 

relative to the disc surface at the time the RElRACT command is issued, the actuator 

may reach the park positfon and become latched t\-ell before the end of all the clock 

intervals. ln fact, this is one of the benefits o_f the present invention, as it wil1 

compen..cmte for a wide variety of \'arialion.'i among a population of nominally identical 

disc drives, including significant amo'Unts of electrical and mechanical offsets as well 

a-; head positions. 

Once the octuator reaches the park position. the operation of the circuit of FIG. 

3 will continue to drh•e the adunlor inwardly. minimizing the clfccfs or bouncing a, 
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the actuator engages a limit stop or other latching arrangement. Further:. os sho'\l\111 in 

FIG. 3, jt \\-ill be recognized that the Q4 output of the comter 86~ which is provided 

on signal path 97, can be used if desired to cause activation of a spindle motor 

dynamic brake circuit 98 by activating appropiiate spindJe driver circuitry (not shown). 

Such spindle motor dynamic brake circuits are well kno,,n in the art and serve to halt 

further rotation of the spindle motor hub (14 in FIGS. 1 and 2) by instructing the 

spindle motor driver circuitry to effectively short the multiple phases of the spindle 

motor together . 

To further illlL!ilrate the operation of the circuit of FIG. 3t FIGS. 5 and 6 have 

. been provided which show graphical re~entations of head velocity, ooil voltage and 

coil current during a park operation for t\vo particular disc drives (of the same model 

type) having somewhat different electrical and mechanical characteristics. For 

reference, the drives represented in FIOS. S and 6 are 2.5" diameter, four disc systems 

in '\1tnich bia.c; forces tend to force the actuators towards the park po.i::ition at an disc 

radiuses. 1hcse drives have relatively large spindle inC:rti~ flex circuit biases and 

radial force components from head aerodynamic effects. Beginning with FIG. S~ 

shm"n therein is a velocity curve 102, a net voltage curve 104 and a net current curve 

106 plotted over a common x·axis rep~ting time elapsed during a parking 

opemtion. The x-axis is shown to have 8 divisiom, with each. division corresponding 

to one of the eight cfock intetVals comprising the parking operation described above. 

More particularly, with reference to FIG. 3, the first division of FIG. 5 represents the 

clock interval during which the analog mux 88 outputs 0 mV, the second division 
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represents the clock intetVnl during "'hich S mV is outputted by them~ and so on 

for the remaining divisions. It wiJJ he rccognim:I that these curves have been 

smoothed and are sho'"ll a.~ approximations, neglecting low le\'cl effects (such as from 

noise) thnt would he observed from actual. unfiltered measurements. 

for the disc drhre corresponding to FIG. S. it will be noted that the head, are 

positimed at the outennost nidius of the discs before the head park operation begins at 

the first division (division number I) in response to the RElRACf command so that 

during the pork operation. the actuator Jl10\'es a maximum distance es it sw-eeps ~ 

the discs. As depicted by the velocity cur\'e J 02. at the beginning of the head park 

operation. the heads accelerate towards the pnrk 1.one and then quickly decelerate., 

reaching the park pesition de.'\ignatcd by a dotted line 110 about haltway into the 

second division. 

Examination of the_ voltage curve 104 during the parking of the actuator reveals 

that only a nominal amount of voltage is applied to the h-brldge driver; however, the 

current curve 106 shows that a relatively significant amount of current actually flows 

in a negative direction through the coil during this same period. As rurther sbo\.Wl in 

FI0.5, a discontinuity 108 is shown in the current curve 106 at the point of cont.act 

(dotted line 1 fO), indicating a slight oscillation of current (and representing a small 

amount of bouncing of the actuator upon contact). From the graph, after the actuator 

reaches the park. position and is latched~ the voltage curve 104 and the current curve 

106 for the remaining divisions 3-8 are closely correlated, and the velocity curve I 02 

shows no motion of the actuator during this time . 
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Finally. FIG. S shows the voltage curve 104 to have a voltage of near 0 mv at 

the beginning of division 1. indicating that the electrical offset as measured for the 

circuitry from the voltage generator circuit 84 of FIG. 3 to the con 36 of F~G. 4 is 

essentially non1inal. 'fhe snme is not true for the electrical offset of the disc drive 

considefed in FIG. 6, which as d~cribed below witJ be shown to have a significant 

amen.mt or negative off.oi:1et. 

Turning now to FIG. 6~ shown therein is a similar graph as presented in FIG . 

.5; particularly, FIG. 6 provides a graphical representation of a velocity CUl'Ve 1 12, a 

voltage curve 114 and a current curve 116 for a ~ond disc drive. As in FIG. 5. the 

parking operation begim with the heads at en outermost radius on the discs at the 

beginning of division 1. As the parking opemtion is initiated with a RETRACT 

command, the velocity curve 112 shows the actuator to be accelerated towards the 

park position and then more gradually decelerated out to about the begiming of 

division 6, \.\.-here the actuator fmally contacts the latching ammgemcnt at a dotted line 

denoted as 120. As ''ilh the velocity curve lO'l of FIG. 5t the velocity cuive 112 of 

FIO. 6 shows that the velocity of the actuator at contact is sufficiently reduced so as 

to provide acoustic noise and motion \.vithin predetermined, acceptable limits. After 

the actuator reaches the park position, the velocity of the actuator remains at Ot as 

e:qiected. 

Examination of the voltage curve 114 shows that a negative amount of voltage 

is applied to the coil during the parking operation end this is a result of the negative 

electrical Qffset oft.he control circuitry. However. despite this offset. the actuator is 

----------
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still effroivcly parked by nhottt the beginning or the sixth division. The current curve 

1 t 6 of FIO. 6 also shows that current nowed in a negative direction \\"bile the heads 

were pnrked. 

fhn'ing now concluded the discu.-lsion concerning FIGS. 3-6 for the first 

embodiment of the present invention. reference will now be directed to FIO. 7, which 

shows a second embodiment for the VCM control circuit SO of PIG. 3, designated 

generally as SOA It '"ill be mderstood that this second embodiment fa presented to 

briefly illustrate the construction and operation or such a circuit for a disc drive having 

characteristics different ftom those presented for the disc drive of FIGS. 3-6. More 

particularly. FIG. 7 is provided to itltl~rate an embodiment for the VCM control 

circuit SOA for a 2 disc. J .8" diameter disc drive having a relatively low spindle 

inerti~ a flex circuit bias null point \veil outside the inner radius of the discs and a 

low radial force component from head aerodynamic effects. In contrast to the 

relatively high spindle inertia disc drive of FIGS. 3-6 which provided about 800 

milliseeonds of time in which to park the actuator, the disc drive considered with 

respect to FIG. 7 hac; a much lower spindle inertia and requires parking of the actuator 

in less than around 350 millisecond~. 

Referring now to FIG. 7. it will be recognized that the VCM control circuit 

SOA is very similar in construction and operation to the VCM control circuit 50 

presented in FIG. 3. \\ilh the exception that a voltage generator circuit 84A provides 

two voltages~ one at 160 mV and the second at 320 mV. for selection by an analog 

mu."< 88A in response to timing pulses from a counter 86A. As will be recognized. the 
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operation of the circuit or FIO. 1 results in a voltage pmfiie comprising two eqtml 

duration steps. the nrst at 160 mV and the second at 320 mV to the analog mtL""< 60, 

for applica.tion to the h-bridgc driver 54, with each step (or clock interval) having a 

duration of around 150 milliseconds. The selection of two voltage steps in the profile 

for the disc drive of FIO. 7 is in part governed by the shorter time available to park 

the heads, and the voltage levels selected are· further governed by the additional energy 

necessary to park the heads due to the bias forces on the actuator. Of course. the 

c:otmter 86A is sho'"ll as a four~bit counter with the Q3 output providing the selection 

input SO to the analog mux 88A and the Q4 output engaging the spindle dynamic 

brake circuit 98; hmvever. it will readily be recognized that any number of n-bit 

counter configurations could be used and that the use of a four-bit counter (in both 

FIGS. 3 and 1) is merely for purposes of illustrati00t not limitation. 

Referring now to FIO. 8, shown therein is a graphical representation of net 

ve1ocity. ''oltage and current for the disc drive considered with reference to FlO. 7, the 

graph of FIG. 8 being similar to FIGS. S and 6, previously discussed above. As 

represented on the x-a"<is of FIG. & two divisions are provided. showing the two 

clocked Intervals used in the profile, so that the analog mLL"< 88A of FIG. 7 outputs 

160 mV during the first division and 320 mV during the second division. 

As shO\vn in FIG. 8. the velocity of the actuator is represented by velocity 

profile curve 122 \\'hich begins in a position having the heads located at an outennost 

diameter of the discs. The velocity profile curve 122 indicates an initial acceleration 

of the actuator to\vards the park position, followed by a deceleration so as to reach the 
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park position and engage a magnetic latch (not sho\\n) at an acceptoble velocity at a 

point denoted by a dotted line J 30. Likewise. during the head parking operati0n. d"JC 

net voltage across fhe coil 36 as \\'ell as the net current through tbe coil 36 :are 
represented by \'Oltnge curve 124 and current curve 126, respectively. 

Having concluded the discu~ion concerning FIGS. 7 and 8. additional 

considerations in shaping a \•oltage profile for U.'ft: during the porJQng of a disc drive 

actuator will now be addressed. As a first considerationt in accordance with the 

P.01 

foregoing discussion it is generaJfy desirable to complete lhe retractjon of the actuator 

in a short amount of Ume; that is. before the spindle- motor rotational velocity has 

decreased to the point where an air·bearing surface is no longer available to support 

the heads above the discs and. in the case where the spindle motor back EMF is used 

a<t a gcnemtnr (a.c; in a pnwcr tlo\\11 sequence)~ before the voftagc generated by the 

spindle motor drtlps below an acceptable rail voltage. Accomplishing the retraction of 

the actuator in too short an amolDlt of time, however. will generally resu~t in 

undesirable amounts of acoustic noise and motion, as d~bed above. 'The amount of 

time available in which to retrad the actuator, of course, is a function of the spindle 

motor speed and inertia of the spinning dise& and wiU vary significantly among 

different disc dri\'c designs. It has generally been found, however, that 1ypica.1 times 

available in which to retract the actuator for various configurations of disc drives have 

wried from aromtd 200 milliseconds to more than 800 milliseconds. lt follows that, 

with the present trend tO\~ smaller disc drives having greater areal densities, the 

trend ,~;u be tm.'\-'&J'ds shorter retraction times in the future. It is essential to first 

---
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understand the total time budget available in which to retract the actuator and to . 

ensure the retraction takes place \mhin the allotted time frame. 

P.02 

Another consideration is the effect of the bias forces that act upon the actuator 

and the extent that these bias forces tend to force the actuator into the park positi~. 

For ~le~ in the 4 disc, 25" diameter disc drives discussed with reference to Ff GS. 

3~6. the bias forces ""-ere found to be sufficient to cause retraction of the heads from a 

position at the outennost radius of the disc without any additional application of 

voltage across the VCM coil. The operation of the circuit as described therein th~ 

worked to limit the velocity &om these forces to a greater extent than for other disc 

drives having a smaller inwardly directed bia., force, such as the 2 disc, 1.8" diameter 

drive discussed ''ith reference to FIOS. 7 and 8. In both cases. howevert the circuits 

disclosed herein operate so as to reduce the effect of these fon:es and to eliminate 

macceptable acoustic noise and head motion upon parking of the actuators. Of 

. course. t~e bias forces exerted upon sn actuator across the radius of the discs are well 

tmderstood by those skilled in the art and are a function of several factors, inclmfms 

the masses in the system, the rotational speed of the discs~ the spring forces provided 

by the flex circuit and the location of the actuator pivot point with respect to the discs. 

Generally, it has been found that the greater the bias forces tend to force the actuator 

im'"'m'd towarm the park position, Jess drive current will be necessary to drive the 

actuator to the park position. It has been therefore found advantageous in such c:ases 

to use. as the allotted retraction time will pennit, a voltage profile having a larger . 

number of voltage steps with lower voltage levels during the first part of the profile . 
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Con,ierxly. for drh1e with n lac; significant bia., force tmvards the pork position. 

more drive current will generatly be necessary to dri\•e the actuator to the park 

po..~ition and I~ \'elocity limiting will occur dtuing the retraction of the actuator. A 

voltage profile for retraction or lhe actuator in such drives can readily be devised to 

limit the velocity. however, and generally for such drives voltage profiles having fewer 

steps and greater ,·oltage le\'els in ~ch step have been found useful, a.~ provided for 

example by the circuit of FIG. 7. 

A trurd consideration in developing an actuator retraction voltage profile is the 

specified current recommended by the coil manufacturer in order to ~are full 

retraction of the actuator~ By '"11y of illustration: for a coil having a specified retract 

current of 20 rM and a ma."timum VCM coil resistance of about 14 ohms, a voltage 

le\l'el of at leost (20XJ4)""' 280 mV would generally be desirable as the final voltage 

in the ,·oltage profile to ensure proper retraction of the heads in all circumstan~ It 

has been found useful. however, to provide the final voltage step in the generated 

profile with a voltage in excess of the calculated required value and then select the 

voltage le\-e]s for the preceding steps to be less than this calculated required value. 

The selected values for the voltage profile. of course. should be chosen in view of the 

other considerations presented above. 

It will be recognized in view of the foregoing discussion that the present 

invention is not limited to the particular sizes and characteristics of disc drives 

dis~ed herein, ·but rather may be applied to any disc drive that uses a voice coil 

motor to position the actuator. Further, the voltage profiles provided herein are· 
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1. A disc drive comprising: 

a disc (16); 

actuator means (26,30); 

30 
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voice coll motor means (20) for positioning the actuator means relative to the 

disc; 

P.04 

voltage generation means .(84) for generating a plurality of discrete voltage levels; 
' . 

and retraction means (86,88,60) for receiving a voltage from the voltage 

generation means and generating a signal based on said voltage for transmitting to the 

voice coil motor means to control said voice ooil motor means to urge the actuator means . 

towards a parked posilion. 

2. The disc drive of claim 1 wherein the retraction means receives the discrete 

voltage levels from the voltage generation means and transmits a series of timed, st.epped 

voltages to the "IOi.ce coil motor means to urge the actuator means towards a parke.d 

position . 

3. The disc drive of any preceding claim wherein the disc drive further comprises 

voice coil motor control means (S2) for controlling the position of the actuator means 

relative to a disc. 

4. The disc drive of any preceding claim wherein the actuator means is urged 

towards a parked position when the retraction means receives a retract command. 

------------
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S. The disc drlve of any preceding claim wherein the retraction means comprises: 

counting means (86) for providing a digital output of timing pulses; and 

P.05 

selection means (88) which a.re responsive to the counting; means and the voltage 

generation means and are for selecting and outputting the voltage levels from the voltage 

generation means in accordance with the timing pulses from the counting means. 

6. The disc drive of any preceding claim, wherein the actuator means reaches the 

park position at a sufficiently low velocity as to produce acoustic noise below acceptable 

limit.s. 

7. The disc drive of any preceding claim. wherein the velocity of the actuator means 

is limited by back EMF generated by coil (36) in response to inwardly directed bias 

foroes upon the actuator means • 

8. A disc drive of any preceding claim wherein the disc drive further comprises a 

spindle motor (100) for operably rotating the disc. 

9. The disc drive of any preceding claim wherein the disc drive comprises a 

plurality of concentric data tracks and a park zone and the actuator means comprises a 

transducer positioned adjacent the concentric data ttacks during rotation of the disc and 

positioned adjacent the park mne when the disc is not rotating. 

10. The disc drive of claim 9 wherein the retraction means operates to urge the 

transducer to a park zone. 
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11. The disc drive of any preceding claim wherein the spindle motor rotates the disc 

at an operational speed and the disc drive further comprises indication ~cans for 

indicating receipt of a command to halt rotation of the disc at operational speed and 

wherein the mraction means transmits a signal to the voice coil motor means in response 

to the indication means. 

12. The disc drive of any preceding claim wherein the plurality of discrete voltage 

levels comprises voltages of O, S, 10, 20, 40, 80, 160 and 320 millivolts, respectively. 

· 13. The disc drive of any of claims 1 to 11 wherein tho plurality of discret.e voltage 

levels comprises volmges of 160 and :320 millivolts, respectively. 

14. A method for parking the actuator means of a disc drive of any preceding claim 

comprising: 

generating a plurality of discrete voltage levels; 

providing a sequence of timing signals; 

using the plurality of voltages and the sequence of timing signals to generate a 

voltage profile, the voltage profile comp.rising the plurality of voltages arranged as a 

series of timed, sequential voltage steps, each step having an increased voltage level; and 

applying the voltage profile to the voice coil motor to retract the actuator to a 

. park position. 

15. The· method of claim 14, wherein the velocity of the actuator as the voltage 

profile is applied to the voice coil motor is sufficiently low so as to generate acoustic 

noise at a level below acceptable limits. 
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16 The method of claim 15, wherein the st.ep of gencrating·a plurality of voltages 

comprises genera~g voltages ofO, S, 10, 20, 40, 80, 160 and 320 millivolts; 

respectively. 

17 .. The method of claim 15, wherein the step of generating a plurality of voltages 

comprises generating voltages of 160 and 320 millivolts, respectively. 
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