1- METHOD AND APPARATUS FOR ACCURATELY MEASURI NG A BACK- EMF
VOLTAGE ON AN ACTUATOR CO L  TECHN CAL FI ELD OF THE | NVENTI ON Thi s
“invention relates in general to control of an actuator and, nore
particularly, to a nethod and apparatus for accurately neasuring the back
el ectronotive force (enf) voltage on an actuator coil.
2 BACKGROUND OF THE | NVENTI ON Conventional actuators have a
noveably supported nenber, and a coil. Wen a current is passed through
th_eI coi |, fj he rrerrbelr METHOD D AEFARATUSAFOR MACCURNTHIYUMEASIRENGP! eld tOfthe
coil in order to selectiye uppl.y. rent t e exanmple o
such an arrangenent is a‘h§¥8§a€@k ﬂ&ﬁ@ﬁﬁyﬁﬂégg Bﬁgﬁggé%a menber of the
act uat or

TECHNICAL FIELD OF THE INVENTION

This invention relates in general to control of an
actuator and, more particularly, to a methoéd and apparatus
for accurately measuring the back electromotive force (emf)

voltage on an actuator coil.



supports a .read/wite head adjacent a rotating magnetic disk for _
approxi mately radi-al novenent relative thereto. There are situations in

“which'it is désirable to nove the nenber to one end of its path of travel
at .a predeterm ned vel:ocity which:is less than its nmaxi rumvelocity.  An
exanpl e.of such a .situation iss a power failure. ‘The noverent of the
menber to one end .of |ts path of travel is comonly" referred to as a
retract of the menber, and in the contexg of .a hard disk drive corresponds
to parklng of the read/mmlte head on t he nenber. When a current is

applied to the mgkgabunbemacmratmgmae Nmermber is urged to accelerate at a
rate defined by the ft nt,. _.and |n a._direction defined by
the polarity of gﬂg%.fwg%ﬁ a%%ggggége ’%’1“9‘* n™°8ra {)E Y g4 %%%’é’f%‘fat e
or decelerate t hemhenrbelandnal foil. i swhmvmg:lmreatdeS| pedseél boroyglanche n a

desired directi %u.l' t t'h% h@BBﬁEaQEegaggao Ct Ugl ‘ﬂ“’EP& I‘Qgr%ﬁﬂerﬁs

vel ocity of the nenb nown t
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dlh r egt i En ;)nf WD;tarfEHé &3il. Bedﬁeﬁgﬁémpmlc?ﬁ éﬁlﬁi/\ﬂ&nt a&bahgeﬂén@f 1§e@%f&hg
the back-enf voltage have been adeguate for their inten rposes t hey
have not been s&if %’fa"'orel’l whers ggﬁeéft?éféﬁ?& member At ¢ it g’ﬁl RSt RMse a

current is bei nguppplkitedat (retahh’wcrdtle |h&adrcwuat:enurm mebeeniery ighdieic
menber, and becaysg tde %@%&E@k?ﬁa@é | BLELLE! nd PR ANES 2 AR, CLEL LI, T oW

and re5|stance t oget her erate vo a es are a
back- enf V0|tagghegﬁdagﬁlg#ﬁqqﬁkpn§b§@um@ich 1t is desirable to move the

member to one end of its path of travel at a predetermined
velocity which is less than its maximum velocity. An
example of such a situation is a power failure. The
movement of the member to one end of its path of travel is
commonly referred to as a retract of the member, and in the
context of a hard disk drive corresponds to parking of the
read/write head on the member.

When a current is applied to the coil of the actuator,
the member is urged to accelerate at a rate defined by the
magnitude of the current, and in a direction defined by the
polarity of the current. Consequently, in order to
accelerate or decelerate the member until it is moving at
a desired velocity and in a desired direction, it |is
important to know the actual direction and velocity of the
member. In this regard, it is known that the back-emf
voltage on the coil of the actuator is representative of
the velocity and direction of movement of the member.
While known techniques of measuring the back-emf voltage
have been adequate for their intended purposes, they have
not been satisfactorily in all respects.

In particular, because a current is being applied to
the coil in order to urge movement of the member, and
because the actuator has internal resistance, the current
flow and resistance together generate voltages which are
additional to the back-emf voltage, and which thus obscure



3-.accurate neasurenent of t-he back-enf voltage. This is conplicated by
the fact that the internal resistance of the actuator can-vary dynanically,
- due to-tenperature changes ‘and other factors. One known approach neasures
t he vol'tage and current applied to the actuator, and cal cul-ates the _ :
back--enf voltage Vbe as foll ovvs V\/nere Rmis the internal resistance of the

actuator: : = (I, Ry +(Ld|/dt) vV -

(where Ldi/dt is assumed to be apprOX| mat;el y 0). Since the actual
val ue .of the.actuator resistance Rmwil | change dynam cal |y, the accuracy
of this known tedourgite widdsudenehttatef uthps edack-adn§y voltependenmiei Hnis

whet her, at the ¢ articula | culatip the actual _value_of Rmis
close to or di ffce#nggf‘g%*f%dm héh%r g%é? gtﬁﬁ%nkge %’i)%esﬁn Le§APhanCls8f theor
Rm in the cal ayitatatenr. can vAryedptanicolydeiuat iton tespehatukaoshangés act
met hods control [ aq,_lq:I% f v, | C Lch is
usual l'y adequate ?lgrgggﬁté e ﬁ{’aé ?&t% ?ﬁé\ﬁ&% gn%ﬁér\%ggagﬁe e 3F° of
the actuator re t@r%@aml{w rtet rtehe #%ﬁl@ﬁfg:prmr@&mateﬁtm

appl i ed vol tageuadmmtfheoh@ lpssess rdiNovanewh¥sberR, 150¥RYCELneLPRA] Oad
can change dramati gal | translate into undesired changes in

W I I
rate. A furtrﬁgﬁsﬁﬁ\éﬁﬁvﬁt YA F or egoi ng cal cul ation is that a
m croprocessor or other circuitry needed to solve the equation may be

prohi bitly conmpl ex and expensive, particularly where it is desirable to
I mpl enent the entire Vbe=(I * Rm) « (Ldildt) - V iy

(where Ldifdt is assumed to be approximately = 0).

'Since the actual value of the actuator resistance Rm
will change dynamically, the accuracy of this known
technique will fluctuate unpredictably in dependence on
whether, at the time of a particular calculation, the
actual value of Rm is close to or different from the
predetermined constant value wused for Rm in the
calculation.

A related consideration is that known retract methods
control the magnitude of voltage applied across the coil,
which is usually adequate for controlling the rate at which
the moveable member of the actuator retracts, because the
retract rate is proportional to the applied voltage minus
the load losses. In some systems, however, the load can
change dramatically, which will translate into undesired
changes in rate.

A further disadvantage of the foregoing calculation is
that a microprocessor or other circuitry neeaded o solve
the equation may be prohibitly complex and expensive,
particularly where it is desirable to implement the entire
system in a single integrated circuit. Also, 1in a
situation where the power 1is failing, it is typically
impractical to try to maintain sufficient power %o a



system in a single integrated. circuit. . Also, in a si tuation mhere
the power is failing, It is typicalfy i npracti cal to try to maintain

sufficient power to a ' 4 nlcroprocessor :
topermt it to continue to operate, . A further dlsadvantage is that, when’
t he desired vel ocity -of. the ‘noveabl € menber: is small, as is the case in -

nmost- retract scenarios, small changes. to.the actuator resi stance Rm can
|l ead to-large errors in the neasurement of back-enf voltage using
traditional techniques. .In extreme cases, this can lead to positive

f eedback mnth|nmuheopnotes$orobp pefrind b ak(hﬂMGnntrnuﬁmms|babkate. A
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t hat a need
the moveable member is small, as is the case in most

retract scénarios, small changes to the actuator resistance

- Rm can lead to large errors in the measurement of back-emf
voltage using traditional techniques. In extreme cases,
this can lead to positive feedback within the control loop,
which of course is undesirable.



has arisen for a nmethod and apparatus for accurately neasuring the-
back--enf voltage on an actuatoi. coil, by carryi ng out the nmeasurenent in a.
manner -i ndependent of ‘the internal actuator resistance. According to the
pr esent invention, a net hod and apparatus are provided to address this
need,.. and involve: . cyclically effecting: and-interrupting an

el ectrical ‘coupling between.an actuator coil and an output of an actuator
driver.circuit; . applying to a voltage ho%dlng .circuit, during tinme

i nterval s when an el ectrical coupling -between the out put .of the driver
circuit and thesg%mwsopr_@% ILW@!IP@' vol tage which represents a back-enf
of the coil, the resenting an actual velocity of a
noveabl e nenber of t'1§°“é(:"tl\?atf8FegPﬁ%9ea¥ é‘?aycﬁ?sﬁggrﬁﬁéa%%‘lit%%t I REH
circuit to hol dhtke a/ﬂlstea:QEfwhl |l mbenedecind capparapls ngolaetat\e&m:ém

out put of the dri CII‘C e _cail,Js in effect;, and sup to an
I nput of the drfu\?gf cI"Pgu Ei?aecécd% é"k s?ld:ﬁgle Wi AR gcﬁu? Rt |c(lg’r7r)i q%Y

di f f erence. bet vveenr}an.mt}as:uteﬂhaehwuxyemhttm meramddemwumf veHeoci ty
of the menber a e t fr g ol

circuit, the feg f QE@ﬁagéﬁsiq%sY?#&%@I verag%::%’?gtl %g ‘E:rhbé ESllh(r;s(%rﬁetrﬁ) er
to nove at the ggggagaoqemczmghod and apparatus are provided to addresg

BRI EFt DESCR |P|T| ENiOF THdRIRAVENES invofvdet t @i cundgl sf andickaceiinghe fHLsent
i nvention w

interrupting an electrical coupling between an actuator
coil and an output of an actuator driver circuit; applying
to a voltage holding circuit, during time intervals when an
electrical coupling between the output of the driver
circuit and the coil is interrupted, a voltage which
represents a back-emf of the coil, the back-emf of the coil
representing an actual velocity of a moveable member of the
actuator; thereafter causing the voltage holding circuit to
hold the voltage while the electrical coupling between the
output of the driver circuit and the coil is in effect; and
supplying to an input of the driver circuit a feedback
signal which is a function of a difference between a
desired velocity . of the member and the actual velocity of
the member as represented by the voltage from the voltage
holding circuit, the feedback signal causing the driver
circuit to urge the member to move at the desired wvelocity.



be realized fromthe detail ed description which follows,” taken in-
conjunction wi‘th the. acconpanying drawings; “in which: FIGURE 1 is a

- di agrammatic view of .a system which includes an actuator, and an-actuator
control circuit that enbodies.the present invention; FIGURE 2 is a

di agrammmatic view an |deaI|zed nodel ‘of the actuator in the enbodi nent of

FI GURE 1; FIGURE 3 is a tlnlng di agram - show ng t he
interrel ationship of certain control S|g?als generated by a sw tching
control circuit which is a conponent of the actuator control circuit in the

enbodi nent  of Flﬁ beseReprIon dF %&mw%@s di agrammatic view of a
systemwhich is an alternative € e system shown in FlI GURE 1,
and whi ch enbodi es tﬁebﬁF§§énP“Fﬁ§§ﬁ???ﬁPg ©of the present invention will
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view of a syste |c I t.he pr.ese i nvention, .and

desi gnat ed gene;géal y Eiyn pg?& enn%té'oﬁh%ft ra'ft? al%%onwg{y%gldxm% Jlrlﬁfes

actuator 12, andhdcbentrol circuit 14 for controlling the actuator 12. The

system 10 of Fl GURE FrichrEsqd i 2 B%Qrg‘hﬂ@t |%leb{<o faecé srga\ﬁ}e]ngglt of a
etic r

read/ wite head relative to a rotating nmagn e pre ent
i nventi on may bdngdedesar@rtiudtoxet aaforn éqtqﬁQQﬁ'CPyﬁégloﬁlaﬁp#thM¢bns

embodies the present invention; _

FIGURE 2 is a diagrammatic view an idealized model of
the actuator in the embodiment of FIGURE 1:

FIGURE 3 is a timing diagram showing the
interrelationship of certain control signals generated by
a switching control circuit which is a component of the
actuator control circuit in the embodiment of FIGURE 1; and

FIGURE 4 is a diagrammatic view of a system which is
an alternative embodiment of the system shown in FIGURE 1,
and which embodies the present invention.



The actuator 12 .is of a type which is comonly referred to as a v0|ce
coil nmotor, and is sonetines referred.toas just a nmotor. The word

“ actuatoris used herein to- refefi not - onIy to a voice.coil- notor type of
actuat orr such as that shown in FIGURE 1, 'but also other types of actuators
whi'eh can be used in conjunction with the present invention. The
actuator 12 inel udes an el'ongate armor nmenber 20, which is pivotly
supported near one end on an axle or spihdle 22. A permanent nagnet 24 is
stationarily mount ed near the p|votaIIy supported end of menber 20, and a
coil 26 i s nounDERA L SGRIK] il AL IOMe coil 26 has ends which

are coupled to the c I raqui c s_p t hr.ough - the
coil 26, it generat egagﬁﬁﬁa (ritet |%c %lé#%g%ﬁicnﬁlr%}gt%fwat %%SS%%

so as to urge pﬁmbpdﬂeﬁn\tenemre@fentthenmnbeonzoand &hdichedits odlesa.gnated
correspondi ng t@eh@?ai%yfgy E%f@&eﬁ@@ %féﬁ“fbentThEn ggeeﬂ'ﬁﬁlfﬁEEL es,

enbodi ment, the “coil RFOVI ne

is stationary. 30 aQtuatAa @el9ndh6m69EFr°%h%lEEH4t(ﬁﬂﬂ??%ﬁ?%ﬂ%ﬁ iﬁﬂﬂq

mount ed and thettteglaea:ueaulrdlbe mnuet gdsoem L1 FEMUEOURE 1 A Wl i apf

its path of tra 0 ageabl e with a stationar t op, 28

which [imts m)égﬁsn lostk t ?r¥b Q:lgn%‘or‘t’é’m&l ?Aect i &, rea '%h}“cf%er

end of its pathrelativedio taheohetﬂ:rtg n@@nesier@a@eabﬂewweh, athe present
invention may be used to control actuators in other types

of applications. .

The actuator 12 is of a type which is commonly
referred to as a voice coil motor, and is sometimes
referred to as just a motor. The word actuator is used
herein to refer not only to a voice coil motor type of
actuator such as that shown in FIGURE 1, but also other
types of actuators which can be used in conjunction with
the present invention.

The actuator 12 includes an elongate arm or member 20,
which is pivotly supported near one end on an axle or
spindle 22. A peimanent magnet 24 is stationarily mounted
near the pivotally supported end of member 20, and a coil
26 is mounted on that end of the member 20. The coil 26
has ends which are coupled to the control circuit 14. When
a current is passed through the coil 26, it generates a
magnetic field which interacts with the magnet 24 so as to
urge pivotal movement of the member 20 in a direction
corresponding to the polarity of the coil current. 1In the
disclosed embodiment, the coil 26 is provided on the member
20 and the magnet 24 is stationary. Alternatively,
however, the coil could be stationarily mounted and the

" magnet could be mounted on the member.

At one end of its path of travel, the member 20 is
engageable with a stationary stop 28 which limits movement
of the member 20 in one direction, and at the other end of
its path of travel the member 20 is engageable with a



further stationary stop 30 which linits nmovement of the nenber 20 in thé.
opposite direction. "Aread/wite head 32 is provided on the end of menber

- 20 remote fromcoil 26. As the nmenmber 20 pivots between its |imt

positions, the read/wite head 32 noves approximately radially across a
conventional and not-illustrated rotating -nmagnetic .di sk-of a hard disk
drive. . An understanding of the present invention wll be facilitated by
an understanding of certain characterist®cs of the actuator 12, which in
turn are best understood thr ough an expl %n.ation of, an idealized nodel of

the actuator 1Xurther ghgEioparyesitops 30, vhiche Aimils maysnentcieht bhess.
| f the actuator nkabetr B0 QAiREe waposiepl déedcvidh. a xireadi/ivrinpl RaRat BRY

the idealized del 38 .0 | GURE 2, th Rl CUJ 4. FLGRE. 1,
vi ewi ng the ac?&‘éc’t cPr":ca‘%mrae tJrjloél‘cg Sox anVI t%hfcgL \%‘Eg Lerr ?nbnggé{’t%oﬁgéfnbégﬁa%%é to
see a significadts dife avamiar 20 daotishdbetwgenadtaatdmit2paaiitioes notbe

act uat or 38. real)s3tkUakal $9delovad i??ogkldﬂgﬁa degd; L1y et <?§£‘59r
40, an inductance 42, a resistance 44 and an | deal vol tage-corjtrof ed
vol tage source #®NVEREieRRp|3NA inetsddilustpatork crrtatd nandageekifardsskf ofhe

actuat or nodel 3B harBhaieutadivd/ of the ideal current sensor 40 is a
signal representing the current fl.owi ng.thyough the_actuator. The signal 47
is coupled to an i nptf of? ‘?‘Fs}rﬁﬂ‘ilﬁgergéwpﬁs\hgfﬁsﬁﬁg anyaratre t"‘Hailtsl be
represents a torfiumdldédasedrity agin tundersveating nefibmrrt2in( EheuRECteristhes
output of the argyither allubofodd,Cdiifed Nen! BAYh Ulred BUIE! LBe#3r ol O
adj usts the anplifier output using a signal representing a |oad torque.

The out put of tHdigowsdt i 8n 2xplanagdsnedof o ameifaplhizedf nogelsj péui theso,

\é\’gi ch ma_lf_ﬁs a[hct.t'ﬁlfgggﬁt mi?h rePFQ@_@lﬁEggﬁ Veddpidde iaﬂ%ﬁhﬁa@izébe ﬂ?&@_@r
. e out pu 0 e circui is asi ich represents an
accel erati on of q?é’aﬁﬁﬁb%§‘ 20'[.“'C hee aﬁtb‘ﬁEPrSglzi%“'gﬁ%J atc[eﬁeﬁg EGPLPR%Br der

to obtain a signaltitb6awdiaituit implementing the idealized model 38 of
FIGURE 2, the control circuit 14 of FIGURE 1, viewing the
actuator as a black box with twe terminals, would be unable
to see a significant difference between the real actuator
12 and the model actuator 38.
The actuator model 38 includes an ideal current sensor
40, an inductance 42, a resistance 44 and an ideal
voltage~-controlled voltage source 46, all coupled in series
between the two terminals of the actuator model 38. The
output 47 of the ideal current sensor 40 is a signal
representing the current flowing through the actuator. The
signal 47 is coupled to an input of an amplifier 48, which
has a gain Kt that represents a torque constant of the
moveable member 20 (FIGURE 1). The output of the amplifier
48 is coupled to the input of a junction 49, which adjusts
the amplifier output using a signal representing a load
torque. The output of the junction 49 is coupled to the
input of a circuit 50, which makes an adjustrment
representative of the inertia of the member 20.
The output 52 of the circuit 50 is a signal which
represents an acceleration of the member 20. The signal 52
is integrated at 54, in order to obtain a signal 56 which



9- represents the velocity of the menber 20. The-signal 56 s applied to
the input of an anplifier 58 having a gain Ke that represents a back
el ectronotive force (enf) of--the actuator.. - The output 60 of the anpli fier
58 is a voltage Vbe which represents t he back enf voltage of the act uat or.

Thi.s voltage is applied:- .an input- of the ideal
vol tage-control | ed vol-t age source 46, whi'ch reproduces this sane vol tage’
Vbe across its output termnals. Since %he voltage source 46 is ideal’, it

wi Il produce the output voltage regardless of whether there is any current
f1 owi ng t hr oughrspEegentss the Vel@#féeqfheh%ﬂ@ﬁmler%ﬂrep‘?@%eﬂ%ﬂaﬂheﬁﬁamwal

vel ocity of theapprbey. %9 tB8d] SHRE Cof Nen bakdeiortle v gt 3Q& MR rg%g%n At 60
and across source 46 is proportional to_the magnitude of signal , |Kt will

be recogni zed t kB&%t I‘fépﬁﬁﬁ 208 Bﬁcﬂ‘hélﬁéckmé?r‘f'l‘(ﬁol foEee vbemgbr 8$s tdsur ce
46 is an accurahetﬁaﬁbesem‘ﬁél@ﬁtzﬁﬁt teroeoacrtual aMplDEiIdy 36 iy HRIREQGe20.

Ho wh f hr t t h

ros; stance 44 w'PF BFBtucEPEeRSRPaotG dt el aaai*éé‘g%%ﬂ‘%q%w%e

across the vol tsgessouol:Eagﬂeﬁ. @nsag:q:leretil ytosoath onbn@msc cwf erdhd s ifden ng

through the act '635.95 a g:ltrggleéltvdﬁ: ?; &?{é Qlge &R%ﬁﬁc c& l}/cerreeg\ ‘e the
e € ‘actual ve

vol t age Vbe al one, to accura rm ne ocCl y of
t he noveabl e rreﬁBEF thagefh%ﬁ’%f BEEOSH ni"o‘r RIS teFEpeadent | Yimegs khe t he

back- enf voltagelvhgeasduk8ys 4detiy ideal,hesackipl pebaetéyrak hepmnber
20, one feature oitééga é&%%STeSE”XE“tAé¥Ler there is any current flowing
through source 46.

Since the signal 56 represents the actual velocity of
the member 20, and since the back~emf voltage Vbe present
at 60 and across source 46 is proportional to the magnitude
of signal 56, it will be recognized that the magnitude of
the back-emf voltage Vbe across source 46 is an accurate
representation of the actual velocity of the member 20.
However, when a current is flowing through the actuator
model 38, the resistance 44 will produce a voltage which is
added to the voltage Vbe across the voltage source 46.
Consequently, so long as current is flowing through the
actuator model 38, it is not possible to accurately measure
the voltage Vbe alone, in order to accurately determine the
actual velocity of the moveable member.

Therefore, in order to independently measure the back-
emf voltage Vbe and thus determine the actual velocity of
the member 20, one feature of the present invention
involves terminating the current flow so that the voltage
across resistance 44 goces substantially to zero, after
which the back-emf voltage Vbe can be measured across the
two terminals of the actuator model 38. It 1is a
characteristic of the actuator that the back-emf voltage
Vbe will not change significantly as the current flow
through actuator model 38 is decreased to zero.



involves termnating the current flow so that the voltage across resistance
44 goes substantialiy to zefd, after which the back-enf voltage Vbe can be
measured across the two terminals of ‘the actuator ~nodel 38. It is
a characteristic of the actuator that the back-enf voltage Vbe will not '
change:significantly as the current flow through actuator nodel. 38 is
decreased to zero. = 10 It has been

expl.ai ned, wth reference to the nodel é@tuator_38 of FIGURE 2, that.
termnating the actuator current al]lows the back-enf voltage of the
act.uator to be accurkf ehys nbaswregplainedy Jakh i 5ef9RNGF EPethet medel

actuator 12 shoygti8t&t GIREck FIGURRIIZ) NEhAOWekEniRi€ifet 8he taxtila@dRE 1,
the control circuit ncl ude ver, circ

14 s, a, drij it.,. 70 havin a
differential oufpPifehhidH 4| e?afﬁﬁeﬁgtﬁﬁ&t?%ﬁrﬂ eﬂQ§'ff%5ﬂf°ng° ban
el ectroni c sw tghcibatelyl esastihed. outPhe temai ral T2uée o adnetkad aagftualle

actuator coil 2&&9&9%%@%-% F @:tlu.'ator coil 26 being coupled to
one end of a sense resistor 77. A further electronic switch 78 couples the

output termnal 74 oFU¥MNGriceriniehg tdetgido tohEISHBEN, $es contasilst or

77 remote frogiibeitCoid RfcludesTna elBGhien ¢isWiteheg076na3Rdng8 a
t oget her constltu%ﬁ an electronic swtc circuit, and are simultaneously

opened and cl os€Y nPP@uﬁfW‘&%%ﬂuQ?ﬁnﬁw PHERY BRGNS

control circuitafi@. 7M. anyAngi e@ecppbiici Bwiiteh, 76 couples the output
" terminal 72 to one end of the actuator coil 26, the other
end of the actuator coil 26 being coupled to one end of a
sense resistor 77. A further electronic switch 78 couples
the output terminal 74 of the driver circuit 70 to the end
of sense resistor 77 remote from the coil 26. The
electronic switches 76 and 78 together constitute an
electronic switching circuit, and are simultaneocusly opened
and closed under control of a common signal S2 from a
switching control circuit 80. At any given point in time,
the electronic switches 76 and 78 are both open, or both
closed. The operation of the switching control circuit 80
is described in more detail later.

In the disclosed embodiment, the electronic switches
76 and 78 are actually integral to the particular circuitry
of the driver circuit 70. However, for purposes of clarity
in explaining the present invention, they are shown
separately in the diagrammatic view of FIGURE 1.

A sense amplifier 86 has two inputs which are coupled
to respective ends of the sense resistor 77, and has an
output which is coupled to one input of a differential
summing junction 88, the other input of the summing
junction 88 receiving a signal at B89 which is a current
Icmd. The output of the summing junction 88 is coupled to
an input of an amplifier 90 having a gain Kc2. The output
of the amplifier 90 is coupled to the input of the driver
circuit 70.



the electronic switches 76 and 78 are both open, or both closed. The :
operation of-the switching control .circuit 80 is described in nore detai

" later. In the disclosed enbodi nent, the electranic switches 76 and 78
are actually integral to the particular circuitry of the driver circuit 70.
However, for purposes of clarity in explai ni ng the ‘present invention, they
are shomn separately in the diagrammatic view of FI GURE 1. A sense
anplifier 86 has two inputs which are capled to respecti've ends of the
sense resistor 77, and has an output which is coupled to one input of a
differenti al sunn1ngWP@ncth@nceatr@hecxn¢uﬂt|h#p@ppéﬁeshe suppeny tanchéon

88 receiving a sigpakoatiB? em Ca!zth%tercyér@feeé Qr{Hbee]}tho'dBpHEceieLQée

sunming junction 88 is coupled to an input of an anplifier having a gain
Kc2. The out put 0¥ oPRedifgft ¥k Prodhes otBeht et qq?éeMpEFme athB9dhager
circuit 70. a magnitude whAon speei€essraldesirdd trate aﬁphb@élérﬁﬂiéﬁnt

to the actuator act atory 12 ur 22.t.0,accel erate |n one
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dependi ng on t h&efielexaten iGERANGRg ton sthe direction in which lt is

already moving. The sense resistor 77 and sense
ampllfier 88 provide to junction 88 feedback representing
the actual current flowing through the coil 26 of actuator
12, so that the junction 88 determines a difference between
the desired acceleration and the actual acceleration for
purposes of effecting feedback control.

The contxol circuit 14 includes a capacitor 94 which
functions as a voltage holding circuit. Two electronic
switches 96 and 98 each have a contact, the contacts of
switches 96 and 98 being coupled to respective ends of the
capacitor 94. The switch 96 has a terminal 100 which is
coupled to the node between switch 78 and sense
resistor 77, and the switch 98 has a terminal 102 which is
coupled to the node between switch 76 and coil 26. The
switch 96 also has a terminal 104 which is coupled to one
input of a buffer 106 with a high input impedance, and the
switch 98 has a terminal 108 which is coupled to a
reference voltage Vr that 1is also supplied to the
buffer 106. The buffer 106 is coupled zo the system ground
in a not-illustrated manner, the reference voltage Vr
serving as a virtual ground to which the buffer inputs are
referenced, so that the buffer 106 outputs the voltage Vr
if there is no voltage differential between its two inputs.
The output of buffer 106 is coupled at 116 to & second
input of the buffer. The switches 96 and 98 are operated
in synchronism so that, at any given point in time, their
contacts are coupling the ends of capacitor 94 to the



already noving.. -The sense. resistor 77 .and sense anplifier 88

pr-ovi de to Junctlon -88. f eedback representing. the actual current fl ow ng
“thriough the .coil 26 of actuator 12, so that the junction 88 determnes a

di fference between the desired: acceleratlon and the actual acceleration for
pur poses -of effecting feedback: control . The control circuit 14 |ncludes_
a-capacitor. 94 which functions as a voltage holding circuit, Two

el ectroni c.switches 96 and 98.each have ®2contact, the contacts of switches.
96 and 98 being coupled to respective ends of the capacitor 94. The switch
96 has’ a terni natesminads cl00s audpllé? t oorhecavpddnget Ween &vis clof78thad '
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no vol tage dlfferentlal between its two I nputs. The out put
coupl ed at 110 t¥RPGeebnd Aifferertize HYFTEd IMnctdan dhdy oshangtberare -

operated in syncmm S oS Avhiiledt ,;s-?ltaa%ﬁggayerlmmﬁpﬁdsetntmg thehesepagact s
are coupling the gi%cx Of CEPSﬁé Q{léﬁi predetermlned reference voltage
in the disclosed embodiment, but could alternatively be a
voltage which changes. The output of the junction 114 'is
coupled to an input of anﬁamplifier 120 having a gain Kel.
The output of the amplifier 120 is coupled to one terminal
122 of a switch 124, the switch 124 having a further
terminal 126 and having a contact which is coupled to the
input 89 to the junction 88. A digital signal processor
130 has outputs which are coupled to a digital-to-analog
converter (DAC) 132, the DAC 132 having an output which is
coupled to the switch terminal 126. The electronic switch
124 functions as an electronic switching circuit, and is
controlled by a signal S1 from the switching control
circuit 80.
During normal operation, the switching control circuit
80 keeps the contact of electronic switch 124 engaged with
the terminal 126, so that the processor 130, through the
DAC 132, controls the input 89 to junction 88. The
processor 130 thus generates signals at 8% which have a
magnitude and peolarity indicating a rate and direction of
desired acceleration for the member 20 of the actuator 12.
During normal operation, the switching control circuit 80
uses signal S2 to keep the switches 76 and 78 continuously
closed, and uses signal S3 to keep the contacts of switches
96 and 98 in engagement with terminals 104 and 108. The
feedback loop which includes elements 88, 90, 70, 77 and 86



112 terminals 100 and. 102, or - coupling the ends- of the capacitor:
"to the terminals 104 and 108. The sinul taneous control of the swi tches 96
-and 98 is effected.by a signal.S3 fromthe switching control circuit -80.
Taken together, the el ectroni c switches 96 and-98 constitute an el ectronic
swi.tching circuit. . . The output of the buffer-106 is also coupled to one
input of .a.differential summing junction 114, the othef input to which is a
signal 116 representing.a desired vel oci thg. Signal 116 is a predeternined
reference voltage in the disclosed enbodi nent, but. could alternatively be a
vol t age whi ch ch&ﬁgésfun¢ﬁe°@@t%QnaQﬂehQﬁ§qeuﬁéﬁldﬁcﬁlﬁr$§ec©®®lﬂﬁmb©ramo
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retracting the member 20. After power has failed, the
member 20 can be maintained in the retracted position 1in a
conventional manner by a small magnet which is not
illustrated. The retract can be effected in a controlled
manner by urging the member 20 to move at a predetermined
velocity and in a specified direction until it engages one
of the stops 28 and 30 and thus stops moving. It is
important that the member 20 not crash into either of the
stops 28 and 30 at its highest possible velocity, because
this may result in physical damage to the structure of
actuator 12, such as member 20 or the stop 28 or 30. Thus,
the velocity to which the member 20 is urged at the time of
a power failure must be something substantially less than
its highest possible velocity.

Ideally, the processor 130 would be used to effect the
controlled retract of the member 20 in this maenner. The
processor 130 receives information regarding the position
and velocity of the member 20 in a conventional and not-
illustrated manner from servo signals read by the
read/write head 32 from tracks on the rotating magnetic
disk. Thus, the processor has position and velocity



13. thus functions to accel erate and decel erate the nenber 20 of actuator
12 in accordance with the input signal provided at 89 by the processor 130.
-Under certain circunstances, the electronic switch 124 is used to '
di sconnect the processor 130 fromeffective control-of the input 89 to
junction 88. (ne exanple is where the processor 130 specifies that a
controlled retract is to occur. Another exanple, which will be used as a .
basis for the followi ng explanation, is Wdere power to the entire system
fails. In the event of a power failure, it is inportant to nove the nenber .
20 to one end of inf9rpathonf fnameWhishthit igould esfhgrhy anecomtrdielast ops

28 and 30, whichreffgsts 'M@é&éﬁg"atofthbhem@a&f\aIpbaebeﬁglﬁaxé)f éﬁ@r@ai@
disk drive. This is_sonetines referred to as retractlnght e menber
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position in a comneatr@nﬁébmmnehyfarsaaylsmrtalcamu @bm&dnaﬁf time.

illustrated. The retr an be eff coptrol | ur
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stops 28 and 30 at its highest passible velocit because this may resu

in physi cal danaf8™per t4f stTPGEFGPEe FURRRY P tREWeE2 a%ﬁﬁﬁeast%n%‘é#t%ftﬂ

the stop 28 or 3@ontddliscircuit 80 causes the contact of electronic switch
124 to move out of engagement with terminal 126 and into
engagement with terminal 122, so that the output of
amplifier 120 is controlling the input 89 to junction 88.
Switching control circuit 80 maintains the contact of
switch 124 in engagement with the terminal 122 until power
has substantially completely failed. The input 116 to
junction 114 has a magnitude and polarity which specify the
desired velocity and direction of movement for the member
20 during the power failure. The output of junction 114 is
supplied through elements 120, 124, 88 and %0 to the input
of the driver circuit 70, so that the driver circuit 70
applies to the actuator 12 current which is intended to
bring the member 20 to the desired direction and velocity
of movement.

During this mode of power-down operation, the
switching circuit 80 periodically uses signal S2 to briefly
open both of the switches 76 and 78, in order to interrupt
the driving coupling of the circuit 70 to the actuator 12.
As a result, the current through coil 26 and sense resistor
77 goes to zero, which in turn causes the voltages across
sensor resistor 77 and the internal resistance of the
actuator 12 to go to zero. A brief but finite amount of
time is required for the current through the coil to go to
zero, because it takes a finite time to dissipate the
energy stored in the coil (Ldi/dt), and until this energy

is dissipated it causes a current to flow. Thus, and as



the velocity to which the menber 20 is urged at the tine of a power failure
must be sonething substantially less than its highest possible velocity.

~ ldeally, -.the processor 130 woul d. be used to effect the controlled retract
of the menber 20 in this manner. The processor 130 receives information
regarding the position and velocity of the member 20 in a conventional and

not- illustrated. manner - from servo signals read. by the read/wite
head 32 fromtracks on the rotating magngsi c di sk. Thus, the processor
has position and velocity 14
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until power has gabsisathus! §¥n&umhgt 6 Wwdidiahey. the k- vb18ab8 voe
from the coil 26 of actuator 12 will be applied directly
across capacitor 94. As discussed previously, this voltage
is directly proportional to the actual velocity of the
member 20.

The switching control circuit 80 then waits a brief
interval of time which is sufficient for the voltage on
capacitor 94 to be adjusted to equal the back-emf voltage
Vbe from coil 26. The switching control circuit 80 then
moves the contacts of switches 96 and 98 so that they are
again engaging the terminals 104 and 108, after which the
capacitor 94 holds the back—emf'voltage Vbe and applies it
to the input of buffer 106. Then, after waiting another
short time interval, the switching control circuit 80 uses
signal $2 to again close both of the switches 76 and 78, in
order to again drivingly couple the driver circuit 70 to
the actuator 12. The buffer 106 effectively forwards the
back-emf voltage Vbe from the capacitor 94 to the junction
114, which determines the difference between the desired
velocity 116 and the actual velocity represented by Vbe, in
order to produce an appropriate output to amplifier 120 for
controlling the actuator driver circuit 70. Through this
feedback control of velocity, the member 20 can be more
accurately and rapidly accelerated or decelerated to the
desired velocity and direction of travel.

While keeping the contact of switch 124 in engagement
with terminal 122, the switching c¢ontrol circuit 80



junction 114 has a magnitude and polarity which specify the desired

vel ocity and directiion of nmovenent for the nmenber 20 during the power

- failure. The output of junction 114 is supplied through el ements 120, 124,
88 and 90 to the input of the driver circuit 70, so that the driver circuit
70 applies to the actuator 12 current which is intended to bring the nenber
20 to the desired direction and velocity of novenent. During this node
of power-down operation, the switching gigcuit 80 periodically uses signa
S2 to briefly open both of the switches 76 and 78, in order to interrupt
the driving couplerigdital bg G@émkﬂéwfﬂbﬂé& nheaaatuatomoaas e aco@SAkds the

current through coi 6 and nse re psl) oes 1.0 z which_ in turn
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FIGURE 3 is a timing diagram which depicts the
operation of the switching control circuit 80. During
normal operation, represented at the left end of the timing
diagram, the switching control circuit B0 keeps the signal
S1 low in order to keep the contact of switch 124 in
engagement with terminal 126, keeps the signal S2 high in
order keep the switches 76 and 78 closed, and keeps the
signal S3 low in order to keep the contacts of switches 96
and 98 in engagement with the terminals 104 and 108.

When power begins to fail, the switching control
circuit 80 changes the signal S1 from low to high at 138,
in order to move the contact of switch 124 from terminal
126 to terminal 122, and thereafter maintains the signal S1
in this state throughout the power failure. Following the
transition 138, for a time interval 140, the signal S2 is
used to keep the switches 76 and 78 closed so that the
driver circuit 70 drives the actuator 12. Then, the
control circuit 80 changes the signal S2 in order to open
the switches 76 and 78, and waits a predetermined time
interval 142 which is sufficient to permit the current
through the actuator coil 26 to go to zero. Then, the
control circuit 80 uses the signal S3 to switch the
contacts of switches 96 and 98 over to the terminals 100
and 102 for a time interval 144, iﬁ order to permit the
back-enf voltage Vbe from the coil 26 to be applied to the
capacitor 94. At the end of the interval 144, the signal



the signal S3 t-o nove the.contacts of. switches 96 and 98 so that they are

~ engaging the termnals 100 and 102. Since the sense resistor 77 has no
current flowing through it, and is thus generating no voltage, the back-enf

- voltage Vbe fromthe coil 26 of actuator 12 will be applied directly across .-
capacitor 94. As discussed previously, this voltage is directly

proportional to the actual velocity of the nenber 20. + The swi tching
control circuit 80 them waits a brief irterval of tinme which is sufficient
for the voltage on capacitor. 94 to be adjusted to equal the back-enf
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following the transition 138, the very first time interval

140 could optionally be zero, so that the transition 138
would be immediately followed by time interwval 142.

FIGURE 4 is a diagrammatic view of a system which is
designated by reference numeral 170, and which is an
alternative embodiment of the system shown in FIGURE 1.
Elements which are identical to those in FIGURE 1 are
identified with the same reference numerals, and are not
described again in detail. The following discussion
focuses on the differences between FIGURE 4 and 1.

More specifically, the electronic switches 96 and 98
of FIGURE 1 are replaced in FIGURE 4 with an electronic
switch 176, a differential amplifier 178, and four
resistors 180-183. The capacitor 94 has one end coupled to
a first input of buffer 106, and its other end coupled to
the reference voltage Vr. The resistor 180 has one end
coupled to the reference voltage Vr, and tné other end
coupled to a first input of the differential amplifier 178.
The resistor 181 has one end coupled to the node between
switch 78 and resistor 77, and the other end coupled to the
first input of amplifier 178. The resistor 182 has one end
coupled to the node between switch 76 and coil 26, and the
other end coupled to a second input of the amplifier 178.
The resistor 183 has one end coupled to the second input of



- 16 periodically opens switches 76 and 78, noves the .contacts of sw tches
. 96 and-98 fromterminals 104 and 108 to terminal's 100 and 102, and then-
. back to termnals 104 and 108, and then cl oses the switches 76 and 78.

" Thus, there is a periodic sanpling of the back-enf voltage Vbe on the coi
26, wth the voltage on capacitor 94 being periodically adjusted
~during the sanpling to conformto Vbe, and then hol ding the sanpled Vbe

voltage until the next sanpling operatio

FIGURE 3 is a timng

di agram whi ch depicts the operation of tﬂ% switching control circuit 80
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co rol circuit
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such as 20 pF.

Since a small capacitor typically uses less area and power

in an integrated circuit than a larger capacitor, the
embodiment of FIGURE 4 may be implemented in an integrated

circuit with a low cost and low power consumption.

The present invention provides numerous technical

advantages. An example of one such technical advantage is

that the measurement of the back-emf voltage of the
actuator coil is measured directly from the actuator at a
time when the current through the actuator is zero, thereby

obtaining a measurement of back-emf voltage with an

- accuracy superior to that of known techniques. In

particular, since the current through the coll is zero in
the approach according to the invention, the measurement is
independent of resistance within the actuator, whereas
known techniques which indirectly determine the back-emf
voltage are based on measurements taken while current is
flowing through the actuator, and thus have 3inaccuracies
due to indeterminate supplemental voltages resuciting from
actuator resistances that can dynamically vary. A further
advantage is that use of the accurately measured back-emf
voltage for feedback control reduces or avcias undesired
velocity changes of the moveable member of tne actuator due
to changing load losses. Still another technical advantage



and 102 for a time intérval 144, in order to pernmit the back-enf voltage
Vbe fromthe coil 26 to be applied to the capacitor 94. At the end of the
“interval 144, the signal - L 17 S3 is used
to nove the contacts of switches 96 and 98 back to the term nals 104 and
108. - The control circuit 80 then del ays for another predetermn ned tine

I nterval 146, and then uses signal. S2 to close the switches 76 and 78 in
order to restore the driving coupling framthe driver circuit 70 to the
actuator 12. The sequence which includes tine intervals 140, 142, 144 and
146 then repeat si$nthatydihiec imarendiiopntidespanesndlil | smouht wéxtdelictateyc| e
bei ng shown at 1 ) t ahl ﬁﬁm r 5QQ- . Jd_n
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138 woul d be imediately followed by tine interval 142, RE 4 is a
di agrammatic vi eﬁ?%?{’ée%’yst‘g?ﬁ i i SRS JHAEY 267 r@@reﬁé@%nﬁoﬁt'lm,
and which i s an oabhplewitywandrpodemenonsimptionsyst em shown in FI GURE 1.
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More speci fical | ¥naddiss,elsasbt 9Bi€ioMk LA 2190808088 can be made therein
without departing from the scope of the present invention.
For example, although the disclosed embodiments include an
actuator of the type known as a voice coil motor, the
invention encompasses the use of other types of actuators.
Further, although the disclosed embodiments use electronic
switches to effect and interrupt electrical couplings
between various devices, it will be recognized that other
approaches may be used to achieve the same rxresult, such as
the use of devices or drivers with outputs that can be tied
together and selectively disabled or tri-stated. Another
example is that, although the disclosed embodiments use a
capacitor as a voltage holding device, other devices such
an inductor could be used to hold a given state of a
signal. As yet another example, the disclosed embodiments
both use a digital processor to originate actuator control
during normal operation, but a variety of other analog or
digital circuits could be used to originate control signals
without departing from the present invention.

It should also be recognized the direct connections
disclosed herein could be altered, such that two disclosed
components or elements arxe coupled to one anothier through
an intermediate device or devices without being directly
connected, while still realizing the present invention.
Other changes, substitutions and alterations are also
pOSsible without departing from the spirit ana scope of the

present invention, as defined by the following claims.



of .FIGURE 1 are replaced in FIGURE 4 with an electronic switch 176, "a
differential anplifier 178, and ‘four.resistors 180- 183. The capaci tor

- 94 has one end coupled to.a first input of buffer 106, and its other end
coupl ed to the reference voltage Vr.. The resistor 180 has 6ne end coupl ed
to the reference voItage:Vr and. t he ot her .end coupl e t of
the differential anplifier 178. The resistor 181 has ﬂlmuﬂmlmﬂmlem o the
node between switch 78 and resistor 77, apd the other end cdupl®ed®to*the
first input of anplifier 178. The resistor 182 has one end coupled to the

node between Smd%@ﬂl7§5?§gAﬁ£$F 76, and the other end coupled to a second
I nput of the anpliTrer € reS|stor 183 has one end coupled to the

second i nput of 18 anplifier 178, and
its other end coupledito ti&e apbatdcd ﬁcmalth@‘ollﬂ& aanwceivaﬁc&h dﬂftzﬁs
coupl ed between gﬁg out n@hlfler 178 the L ﬁ ? éﬁ

buffer 106. The t Yﬁ?q eHuFRA gHBS Sofefat oﬁ 3F th %S&ﬁ%ﬁn

170 when the sigmaweﬁéntsoﬂeaniuamméx andmp31sim§ed when the signal S3 is
actuated to effect sa "%§ﬁ5§t2r Eﬂ%d@y1§;¥cd¥H“HHJ nziég El Eﬁ%daqglthe
Fi I ngle

control circuit 172 o can "each Dbe 1 npl erent €d
integrated circ@¥pPutiin the enbodiment of FIGURE 1 capacitor 94 may

have a val ue of approxi sat&l %1:c026nkE, swhedifiasy diecanbodhvend ofrdd GXRE 4
permts the use Ofc%nd states in which said first electronic switching
circuit respectively effects and interrupts an electrical
coupling between said output of said driver circuit and the
coil;

a voltage holding circuit;

a second electronic switching circuit having first and
second states in which said second electronic switching
circuit respectively effects and interrupts an electrical
coupling between the coil and said voltage holding circuit,
wherein when said second electronic switching circuit is in
the second state said wvoltage holding circuit has applied
thereto a voltage which represents a back-emf of the coil,
the back-emf of the coil representing an actual velocity of
the member, said voltage holding circuit thereafter holding
the voltage while said second electronic switching circuit
is in the first state thereof;

feedback circuitry responsive to the voltage held by
the voltage holding circuit and responsive to an input
representing a desired velocity of the member, said
feedback circuitry being operative to cause the member to
be urged to move at the desired velocity by controlling
said driver circuilt as a function of a difference between
the desired velocity of the member and the actual velocity
of the member as represented by the voltage from said
voltage holding circuit; and

a switching control circuit operative to periodically
change said first electronic switching circuit from the



capacitor 94 with a nuch smaller value, Such as 20 pF. Since a small-—

capacitor typi caIIy uses | ess area and power in an integrated circuyj than
-a |larger capacitor, the enbodi ment of FI GURE 4 may be M“
integrated circuit with a | ow cost and | ow power consgﬁg“\ﬁ

present invention provides nunerous-technical advanta nLex'hrrpI e of one
such techni cal advantage is that the neasurenment of the back-enf voltage of
the actuator coil is nmeasured directly feamthe actuator at a tine when the.

current through the actuator is zero, thereby obtaining a neasurenent of
back-enf vol tagesmohda‘rsmwrabyre@ﬂpe?d othet (findtat stete ktlneweof and

techni ques, — 1ncRRELRGLheTy $LAGC de EHgenbedbEONdl LEE SRy | Sozarg [

t he approach accor to't I nventon neasurenent 1s I n epende of
resi stance wt hi ﬁeF eﬁﬂﬁi&t shereptr cand loRerativehduyging wire chirstdistedd vy

deternine the bagk- edfidvdihage elchaned wleeaﬁﬂge@@%m;a'f%& WHArRyin
current is flow ngllthrou h t he actuator, f hus™ have, i naccuracl es u to

i ndet ermi nate suff &BEgn?'%sﬁVi'F ‘Pgr oﬁi"é‘é‘f’(fat bropeshs: izt
that can dynami cathyevtatqreofAtémh&@ecaddasuaagaetharédiﬁtastecmfn t#¥om the

aceurately measupedohacke il kageplor (SR BANLERL " EllUgESe O aVOi s

undesired vel ocity changes of noveabl e tdue to
changi ng | oad | osses. St||| anot her techni cal advant age

19 is that the inveniion Aisegpph Rl arBBYAInS e £/ 8 wherein said
switching circuit control circuit is operative to change
said second electronic switching circuit from the first
state thereof to the second state thereof a predetermined
time interval after said first electronic switching circuit

" has been changed from the first state thereof to the second
state thereof, said predetermined time interval being
sufficient to allow a current through the coil to decrease

substantially to zero.

3. An apparatus according to Claim 1, wherein said
switching control circuit is operative to change said
second electronic switching circuit from the first state
thereof to the second state thereof a first predetermined
time interval after said first electronic switching circuit
has been changed from the second state thereof to the first
state thereof, and to change said second electronic
switching circuit from the second state thereof to the
first state thereof a second predetermined time interval
before said first electronic switching circuit is changed
from the first state thercof back to the second state
thereof, said f£first predetermined time interval being
sufficient to allow a current through the coil to decrease

substantially to zero.



ci-rcuitry in conjunction with other circuitry that is.typically present in-
known actuator control circuits, thereby mnimzing the am)unt ef-

addi ti-onal circuitry required, vvhl_ch inturn mnim zes ost
conpl exity and power consurrptl on. Al t hough two errb Y/ﬂlﬁm
illustrated and described in detail, |t shoul d be under stoE)d t

*

changes, substitutions and alterations can be made therein wthout
departing fromthe scope of the present 22nvention. For exanple, although

t he discl osed enbodi nents include an actuator of the type known as a voice
coil notor, the invention enconpasses the use of other types of actuators,
Further, although thg dis ﬂ%gr%%gdhgggfg 1845 & £1AGk R, C;ﬁ\é‘lh&ﬁﬁ& to
effect and i nterrupt eI ectri coup I ngs between various devices, 1t wll
be recogni zed that QBRhR¥ORRHWHCIH®S may be used to achieve the same result,

such as the use of dthﬁeﬁdOém&w@:ﬁﬁc vw:ttauh@utoirk:hat cfaﬁ keodg 186y a
t oget her and sel e y di sgbl ed.or tri-state

% § P a]érrpl e 1s, that
al t hough the di §€ 8‘5% o FEnBALE BERCEFTNH A §A 18 3e%?? g‘énﬁ%‘fﬁ’ﬁ’g
devi ce, other dewv saidsimputarof mdict drivenl citmitsed to hold a given state

o ot a Ineenao) °t ABEHALh SAPTNGc Bl lBRLPSE o PAROK RISy 3P

digital processor to Orl |na e ac ntro urltng nornal era
but a variety ofsaodhehlmallsgtmnm gqm&pheng m!t@léoatl@ be qe@datmre to

originate contrghedkgpaks i Bhoaéxcﬂ%bsasrfamshma PEEaBAEK | EVEAL{ QR
It should al so he recogni zed t di rect gﬁanec i ons . di scl osed hergin could

be altered, sucHst Flatb?\ﬁt?"é’i%él%eﬁﬁ%ﬁﬁ rﬁ’se"tﬁméllﬁnﬁm%cg’r‘egc%’tﬁﬂ‘e‘& to
one anot her t hr @egbada impet reflisalid deiver oiraeid.ces w t hout being
directly connected, while still realizing the present invention. O her
changes, substitutions and alterations are also possible wthout
departing fromthe spiritAmrappostasobcchedpredentCliaivedti on, as defined by

the following claimynerein said wvoltage holding circuit includes a
capacitor; and
wherein when said second electronic switching circuit
is in the second state thereof, said second electronic
switching circuit applies across said capacitor a voltage
which is present across the coil.



20 * WHAT IS CLAI'VED | S:- 1. An apparatus for controlling an act uat or .

whi ch has -a noveabl e nenber and which has a coil t f | uences--novenent
of the nmenber, conprising: an actuator dri ver”ﬂ/’![z/ﬁl/ﬁlm ' an i nput
and an out put; . a first -electronic switching ci¥cCuyi h st and
second states in which 'said first- el ectronic swi-tching circlits ectively
effects and interrupts an electrical coupling between said output of said
driver circuit and the coil; a voltage holding circuit; a second

el ectronic switching circuit ‘having first and second states in which said
second el ectroni c sw §chi nan Gippeitatuseapeoctdimy yrefdledis 1and i nterrupts an
el ectrical coupling b t GO _ aid.val tage s L NQs .Cl 11,
wher ei n when sai d secgfﬁﬁgg{}éc{]%&%)cbg\?\neggﬁi n%lc#rr%i t%l?gll?% thrgéglg%%%d a
state said vol t aGePRELEPRHY cCi rcuit has applied thereto a voltage which
represents a back-enfwpéréile §9id . oltputbask- 8414 Odr 18, COidcdi@Pr BRENiddY an
actual velocity gf tgg mm%i§: sai.d voltage holding circuit thereafter
hol di ng the vol t 348 WAFFERFd second el ectronic switching circuit is in
the first state thereeoherein dairlibagilesti r @liettyonespossitching t el vl ftage
held by the vol t3ge,(QLd! Por&t "G ls A SRRRLBLY CWh LR Mt Plch couplea

between a respective one of said terminals and a respective

end of the coil, said first and second switches each being
open in the first state of said first electronic switching
circuit and each being closed in the second state of said
first electronic switching circuit; and

wherein said second electronic switching circuit
includes third and fourth switches which are each coupled
between a respective end of said capacitor and a respective
end of the coil, said third and fourth switches each
effecting an electrical coupling between a respective end
of said capacitor and a respective end of the coil in the
second state of said second electronic switching circuit,
and each interrupting the electrical coupling between a
respective end of said capacitor and a respective end of
the coil in the first state of said second electronic

switching circuit.



representing a desired velocity of the nmenber, said feedback circuitry
bei ng operative-to cause the nenber to be urged to nove at the desired )
vel ocity by controlling said driver circuit as -a function- of—a-difference

bet ween the desired velocity of. the nenber and the ' f the
menber as represented by the voltage fromsaid vol tmmnﬁmlmwm"mﬁl t; and
a swtching control circuit operative to periodically changes Sa d '« rst
el ectroni-c switching circuit fromthe 24 21
second state thereof to the first state thereof and subsequently
fromthe first state thereah hpskrdttud hr:coedend séatPaidereof, and
operative during the f,irst .state qf .said first electronic switching circuit
1 fet ; g

for changing said secdR§ S&EEr 3n T Ty FPHEGPET PO PRe R PEFPSE At o
t hereof to the secghdheastiaige fliret eahdasecentk rinputs whdcheeoadestht eotthkedof

back to the firsgx§gpkgs REESQL  end of t .coémiapparatus according to Caim
1, wherein said swtching circuit _control circuit is operative to change

sai d second el ect roni #hexedshi aaidi realitager ohelding | raiiratist e ipgdndes ta
the second state ddp¥cebrg predeternmined tine interval after said first

lectronic switching circuit has b d_fromthe first state thereof
Co the Second stato t ABPERE" SAL0 BREBAT PR HBU( RFEVFR EFORY - borRg Laes

two terminals;

wherein said first electronic switching circuit
includes first and second switches which are each coupled
between a fespective one of said terminals and a respective
end of the coil, said first and second switches each being
open in the first state of said first electronic switching
circuit and each being closed in the second state of said
first electronic switching circuit; and

wherein said second electronic switching circuit
includes a third switch which is coupled between said
output of said differential amplifier and one end of said
capacitor, said third switch being open in the first state
of said second electronic switching circuit and being
closed in the second state of said second electronic

switching circuit.



suff|C|ent to allow.a current through the coil to decrease substantlally t.o
zero. : 3. An apparatus according to Claim1, wherein. sald.smatchlng '
-control circuit is operative to.change said second el ectronic swtch

circuit fromthe first state thereof to the second s Jﬁﬂum ! H" eMMrst
predetermned tine interval ~after said first electr cuit
has been changed from the second state thereof to the flrst state ther eof ,
and to. change said second el ectronic swigghi ng circuit fromthe second
state thereof to the first state thereof 'a second predetermned tine

i nterval ‘before saidafirshnehpphtﬁﬁhe SMEtcbhﬂ@pxiingnaniScehaﬂgedwhieH1the
first state there b e 0 S t 0 a |

predeterm ned ti még é‘r’?/%t %qneﬁﬁ)%% ?gfic'}'g%%t%e%% ﬁ g&?&e%ﬁk%ﬁ‘?gﬁaﬁ t he
coil to decreas@K§Gw§P§nPﬁth? W%WHQ?«)CONPrlSan

22 4. An appab&tHétﬁ&ﬁH¥Wﬁﬁﬂie&0c£¥GMﬁ&Jhaﬁﬂﬂ§ @ R@put and RROEA§SOr;
and athird eIectron c.switching circuit for coupling a selected one of
sai d processor 4P SHBUFEGFUIRtF 4 cuitry to said input of said driver
circuit; wher ei n as@iidssvweledtvogicoswioching aiircuit davphgdfiest and

second states and having first and second switches which
are both open in said first state of said firxst electronic
switching circuit and both closed in said second state of
said first electronic switching circuit, said first and
second switches each being coupled between a respective
said output terminal of said actuator driver circuit and a
respective end of the coil;

a voltage holding circuit which includes a capacitor;

a second electronic switching circuit having first and
second states in which said second electronic switching
circuit respectively effects and interrupts an electrical
coupling between the coil and said capacitor, wherein when
said second electronic switching circuit is in the second
state said capacitor has applied thereto a wvoltage which
represents a back-emf of the coil, the back-emf of the coil
representing an actual velocity of the member, said
capacitor thereafter holding the voltage while said second
electronic switching circuit is in the first state thereof;

feedback circuitry responsive to the voltage held by
the voltage holding circuit and responsive to an input
representing a desired velocity of the member, said
feedback circuitry being operative to output a feedback
signal which is a function of a difference between the
desired velocity of the member and the actual velocity of
the member as represented by the voltage from said
capacitor;

a which includes a processor and is operative to

output a control signal;



said third electronic switching circuit and is operative to specify which
of said processor and said feedback circuitry is to be’ coupl ed by said
~third.electronic switching circuit to said input of s driver CI rcui t-

5. An apparat us according to C ai m1,- . . wherei n_.sW

circuit includes a capacitor;- and - wher ei n when sa Mnl o
switching circuit is in the second state thereof, said secorfd él estr
switching circuit applies across-said ca@@m tor a voltage which is present
across the coil. 23 6. An

appar at us accor di ng t@ Ehdr Jelec:ronwﬁersanrtcmgd yDtdige opekrdtige to
circuit includes - agaC|t0r of said.driver

ein, said o ut
circuit includes FRBlYe i Parg lnput\/\h%g? FRt a?ﬁt‘f‘%‘cg’f RS2 oﬁF‘ECEM't &hi ng
circuit includessélestedmiesetorite Sigetdbhck sigmall ané E}mh:cnmqmedsztgﬁauﬁen a

respective one ofy éi‘égﬂt %@R”%’a%da%ﬁ’ui‘dr %&%%EEHME’?EBQ hiﬁ‘g ‘E:?&culga

first and second swtches eac tat
el ectronic swi tcﬁPﬁ@lﬂ-rP&'l:U|tﬂlean€e%@%¢fﬂbelsﬁgnéﬂ-os"éd iseidheinpgondht astaédof

said first el ect g@piist6M &6 SildciMitt theNdeedback signal controls said
driver circuit ih a manner causing the member to be urged
to move at the desired velocity; and
a switching control circuit which, when said third
electronic switching circuit is supplying the feedback
signal to said driver circuit, is operative to periodically
change said firet electronic switching circuit from the
second state therecf to the first state thereof and
subsequently from the first state thereof back to the
second state thereof, and operative during the first state
of said first electronic switching circuit for changing
said second electronic switching circuit from the first
state thereof to the second state thereof and then from the
second state thereof back to the first state thereof, said
second electronic switching circuit being changed from the
first state thereof to the second state therxreof a
predetermined time intexrval after said first electronic
switching circuit has been changed from the first state
thereof to the second state thereof, said predetermined
time interval being sufficient to allow a current through
the coil to decrease substantially to zero.

9. An apparatus according to Claim 7, wherein said
switching c¢ircuit control circuit is operative to change
said second electronic switching circuit f£rom the second
state thereof to the first state thereof a predetermined
time 1interval before said first electronic switching
circuit is changed from the first state thereof back to the

gsecond state thereof.



- wherein sai-d.second electronic switching circuit includes third and fourth

swi t ches whi ch are each coupl ed between a respecti ﬁ 1I ﬂ acitor
and a respective end of the coil, said third and fgmm m Imml "mgh :
ef fecting an el ectrical coupling between a respecti Ve énd‘of "satd tapacito
and a respective end of the coil in the second state of said second - :
el ectroni¢ switching circuit, .and each interrupting the electrical coupling -
bet ween a respective end of said capacit8f and a respective end of the coil
in the first state of said second el ectronic ,switching circuit.

24 7. An appar atfis FEARRHPRUS @csPriing to Glaimdf ngrherainy @adit i al
anpl i fier havingsagofdt Rillect2Bflibawwigching! cdrdusecontivady stwhi-gh e
each coupled to % refs]}gect.i vg en‘g&?.of the coll ; erein said voltage

hol ding circuit FREFEISWILCRERGIN 3re cagh GUPAeLPEEHRRP AR TISREG] Ve
driver circuit iecfud€sshid cepachtbs; and awrespeatiee defdrof ¢hectaodli,c

swi tching circuit kfclpusdes ahisr i %.C ' .cqupl ed
et ween o 1 especEra CHIE shit Ebusllf AEQALs BHCHCRER ALY M LA i
coil, said firstCcaHRILRE PREVSAN chaespachivei e lersaid araqiteor angt @ of

said first electireBpectivd CEhdJoE khdl lcoind ieaathdesddbitd 0Os€ské Nokhaaggcond

state of said . . . . . : .
second electronic switching circuit, and each interrupting
the electrical coupling between a respective end of said
capacitor and a respective end of the coil in the first

state of said second electronic switching circuit.

11. An apparatus according to Claim 7,

including a differential amplifier having an output,
and having first and second inputs which are each coupled
to a respective end of the coil; and

wherein said second electronic switching circuit
includes a third switch which is coupled between said
output of said differential amplifier and one end of said
capacitor, said third switch being open in the first state
of said second electronic switching circuit and being
closed in the second state of said second electronic

switching circuit.



:first electronic switching circuit; and wherein said second el ectronic
iswitching circuit includes a third switch which is coupled between said
-output of said differential anplifier and one end of said capacitor, said
third switch being open in the first- state of said second electronic

.sw tching circuit and being closed in the second state of said second

glectronte swiching eireult " crvator g en vas INMHDINER oc>
a

whi ch has a coil that influences novement-of the nenber, &onprisirg: n
actuator driver circuit having an input and having two output term nals;

a first electronic swgtchingg.ci i ' | ; tes, and
having first and seco& 'swﬁt%ﬁggﬁaﬁ%%ﬂ%é%gggé¥%a%6§gqf%g§§%% ?%?Sg §?§t8 of
sai d first el ect moveabda twenbeyr cianduivhiald bash x| o098l i%hatai dnfduendes
state of said finglydaledt! bENERe SHbddY NGcriphidihg e GddgsSto@nd second
swi t ches each bei ng coupl ed betmegg a respéectivye sai.d output term nal of
sai d actuator driver G¥CdaFplli¥ideiipetiRg VR RECHFURHNG R ; electgical
vol t age hol di ng aoupliingMbetivedenc|tidescaiagadi &Ar putputa fecandaekaatsoni c
swi t chi ng circuithEern%iQEP§£_and second states in which said second

electronic switching Circuirt réspectively effects and interrupts an
el ectrical applying to a voltage holding circuit, during time

intervals when an electrical coupling between the output of
the driver circuit and the coil is interruptéd, a voltage
which represents a back-emf of the coil, the back-emf of
the coil representing an actual velocity of the member;
thereafter causing the voltage helding circuit to hold
the voltage while the electrical coupling between the
output of the driver circuit and the coil is in effect; and
supplying to an input of the driver circuit a feedback
signal which is a function of a difference between a
desired velocity of the member and the actual velocity of
the member as represented by the voltage from the voltage
holding circuit, the feedback signal causing the driver
circuit to urge the member to move at the desired velocity.

13. A method according to Claim 11, including the
step of waiting a predetermined time interval after said
interrupting step before starting said applying step, the
predetermined time interval being sufficient to allow a

current through the coil to decrease substantially to zero.



. coupling between.the-coil and said capacitor, -wherein when said.second.

, electronic switching circuit i's.in-the second state said capacitor has -
appl i ed thereto a voltage which represents a back- e ull“”uu l“w
back-enf of the coil representing an actual velocity aid
capacitor thereafter holding the vol tage while said sécond el ectronic
switching circuit-is in the first state thereof; f eedback ei rcwtry
responsive to the vol tage held by the vo2®age hol di ng ci rcuit and
responsive to an input representing a desired velocity of the nenber, said
feedback circuitry bdi4ig @pateitiode aarandtipgt to fPedbackl si gnQLUdhnghths ;
function of a difdsgienme between the desired velocity of the nmenber and the
actual velocity of the nenber as represented by the voltage from said

capaci tor; a whi &?HtﬁEHLﬁle?”étpPB'Eé%%?fmié’ﬁ& Fing pttativiad 86 t6at satda
control signal, interrupting step before starting sad@ applydnfhistdp, the

el ectronic swtchi Lreu er.a p to s t o? id
actuator driver %lxﬁ}%u%f‘:eaeééﬁ“?%ai H‘ r$t: rﬁ%&f iéée/’éfb%&afﬁq&ﬁ&ﬁ ang Fﬁlgow
control signal, aheverenthbmraghl tlm rqoel etor darresse t shbagantizlly te
supplying the Jfg&db signal to said input of said actuator driver
circuit the feedback' si gnal controls_said_driver circuit in a nmanner

causi ng the nenber t&AEidgget FCRA ePEEIRtRIRIRed difimme| brbeyvahnafter

said applying step before carrying out said step of
effecting the electrical coupling between the output of the
~ driver circuit and the coil.



a switching control circuit which, when said third electronic sw tching
circuit is supplying the feedback signal to said driver circuit, is
‘operative to periodically change said first electronic switching circuit
fromthe second state thereof to the first state thereof and subsequently
fromthe first state thereof back to the second state thereof, and
operative during the first state of said first electronic SMAtChlng circuit
for changing said second el ectronic swi8@hing circuit fromthe first state
thereof to the second state thereof and then fromthe second state thereof

back to the first st a¥ETHORAND ARPARATYECEAR ACEURATIIYC MEASURINGG circuit

bei ng changed from the' f iy ShcRLEME VOLFRIE dNo ANMACPERPOH @deLe thereof a
predetermned tine interval after said first electronic switching circuit

has been changed fromthe first state thereof to the second state thereof,

sai d predeter mm Qe OMTHIEY BITSOBOSURBUf fi cient to all ow a current
t hrough the coil fq" \%ﬁ%%%géugﬁ?%dﬂa Jn){nog,gb_zlgr Bamber %)ar at us

according to Cla|m ing crrcul hnf CII’C
operative to chanhe $¢afd whichdcaheber Gnm;rgMe‘éhtngucgﬁcGhe fmemdpercheco

second state. t hgseef toﬁheaf'ﬁéftﬁéﬁa& tﬂSEléOfoﬁ RiRI|kebrl, ned tdByer
interval before said first el ectroni¢,s g}({: circuit is changed fromthe

first state thefEBFuback’Pb %ﬁep§§&896c§ eURfRPRLFd from the coil so

that the current through the coil goes to zero, after which
the back-emf voltage of the coil is applied to a
capacitor (94). Then, the driver circuit is recoupled to
the coil, and the voltage held by the capacitor is used to
effect feedback control of the driver circuit for the coil.

Figure 1



27 - 10. An apparatus according to -Claim?7, wherein said second

el ectronic switching circuit includes third and fourth switches which are
each coupl ed between a respective end of said capacitor and a respective
end of the coil, said third and fourth switches each effecting an

el ectrical coupling between a respective end of said capacitor and a
respective end of the coil in the second state of said second el ectronic
switching circuit, and each interrupting%k;e el ectrical coupling between a
respective end of said capacitor and a réspective end of the coil in the
first state of said second electronic switching circuit. 11. An
apparatus according to Caim?7, including a differential anplifier
havi ng an output, and havin§ T1 fsi—aRd Sfcond i nputs which are each coupl ed
to a respective end of the toil Qq twherein said second el ectronic
switching circuit includes § £hind?dw t%H which is coupl ed between said
out put of said differentiallaﬂp/LLLgL gRa one end of said capacitor, said
third switch being open ingﬂhe L|r§§ tade(gf sai d second el ectronic
switching circuit and bei ngicl £§q§|n¥ he~second state of said second
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12: A nethod for controlling an actuator which has a noveabl e menber and
whi ch has a coil that influences novenent of the nenber, conprising the

steps of: cyclically effecting and interrupting an el ectrical coupling
between the coil and an output of an actuator driver circuit; app! yi ng
to a voltage holding circuit, during tine intervals when an el ectrica
coupling between the output of the driver circuit and the coil is
interrupted, a voltage which represents a back-enf of the coil, the

back-enf of the coil representing an aé&/Bal velocity of the nenber;
thereafter causing the voltage holding circuit to hold the voltage while
the electrical coupling between the output of the driver circuit and the
coil is in effect; and supplying to an input of the driver circuit a

f eedback signal which is a function of a difference between a desired

vel ocity of the menber and the actual velocity of the nmenber as represented
by the voltage fromthe voltage holding circuit, the feedback signg
causing the driver circuit to urge the nenber to nove at the desir&d

vel ocity. 13. A method according to Claim1l, including the Etep of
waiting a predetermned tinme int\erval after said interfupting step{before
starting said applying step, the predetermned tine inferval bein
sufficient to allow a current t@sough the coil to decf¢ase sSu tially to
zero. = S
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29 » 14. ~ A nethod according to Caim 11, including the steps of:
waiting a first predetermned tinme interval after said interrupting step
before starting said applying step, the first predetermned tine interval
being sufficient to allow a current through the coil to decrease
substantially to zero; and wai ting a second predeterm ned tine interval
after said applying step before carrying out said step of effecting the

el ectrical coupling between the output o#/3he driver circuit and the coil.
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