CONTI NUOUS MODE VELOCI TY CONTROL OF VO CE CAO L MOTORS
CROSS REFERENCE TO RELATED APPLI CATI ON [0001] This
application clains the benefit of the filing date of
U.S. Provisional Patent Application 60/902,586, filed

FebNTaNyoBs, MPOR7VENOLETY soRereby oFnvorper abed RyTors
reference. TECHNI CAL FI ELD [ 0002] The present
di scl osure relates generally to hard disk drives and,

in parti Gcds AeFESEISTA Nk %fp { #‘a&&rolling
voi ce coil notors. BACKGROUND dg% 5&#%& I sk
jve [hcludes.a disk on .which data is _stored, a _ .

1080117c) 3875, SPRA B o0t G EC et o SREAATLF ogd it i ling

head, and a voice coil notor (V to nove the head
dafvier ofhd ff skPFBYipeanrhg/RaIatthgAPPbhtebicohe 64I/%02, 586,

surface. When the disk is not rotating, the VCM noves
filrd héelarasey PLom20RE . divdkicir ess Wheebyhéndbskoirated by

rotating, and read/wite operations are in progress,
refrerertrgad, which is carried on a VCMarm is

positi oned above the data storage surface of the

di sk. When the disk is not rotating, the head is

noved away fromthe disk in order to prevent any

damage to the disk. -1

TECHNICAL FIELD

f0002} The present disclosure relates generally to hard
disk drives and, in particular, to systems and methods

for controlling voice coil motors.

BACKGROUND
[0003] A hard disk drive includes a disk on which data ig
stored, a spindle motor which rotates the disk, a
read/write head, and a voice coil motor (VCM) to move the
head over the disk for reading/writing from/to the disk
surface. When the disk is not rotating, the VCM moves
the head away from the disk area. When the disk is
rotating, and read/write operations are in progress, the
head, which is carried on a VCM arm, is positioned above
the data storage surface of the disk. When the disk is
not rotating, the head is moved away from the disk in

order to prevent any damage to the disk.
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[ 0004] Conventional systens generally use two nethods
or nodes for controlling the velocity of VCMs,

conti nuous and di sconti nuous node. [0005]

Conventi onal discontinuous node net hods generally

[0004]ve ChevdeM;immEar s\tjﬁt%s:’ Ste VP YLAULGL! MR thods or
(PWW. During the P off-state, the back

m&AEEt FRFRINGHE £o11 Flllg o g(h%E!\rf% 1 é%?g %1 FAPPERL| P %roaﬁg{iﬁ'g%u S

the VCM notor 1s sen ol'tagé Th

' . rmne the power required to drive the
S G et

0 e ne%?'cycle. Conventi onal net hods
usi ng di sconti nuous nodes nandat e tﬂat t he fMM .
uency be in the audible range. This is ypically

M o SR ROEB e RO BT KT uads vEeRbodD. Cameally

requirenents for sufficient off-time to sense the
digefge Bhe e M elgE oy 088bNg Fdulsenvitidtlonbdudat il nuoUPWM) .

node net hods, a constant voltage is applied across
Duthiend/CMrerpPUM. offfustatiche tint dpaclXxeluatyemaghky iks field

limted. Such nmethods do not control the velocity

(BEEMEICtvoktyge ChppBatings ackbes ld age i Astydes st Renced.
BEMF and vol tage across the notor resistance (Rn).

THANOBREE GRAMEIYd ORdle Rl Senses, e BOLQr eyryent v
S

through the sense resistor (Rs) and vol tage acros
At e Vbt Br ShaePa e it hoRachasF cvele.
nggg%tional methods using discontinuocus modes mandate
that the PWM frequency be in the audible range. Thisg is
typically due to the L/R constant of the inductive motor

and requirements for sufficient off-time to sense the

BEMF effectively.

[0006] For conventional continuous mode methods, a
constant voltage is applied across the VCM motor. Thus,
the motor maximum velocity is limited. Such methods do
not control the velocity effectively. Often times, the
voltage includes the BEMF and voltage across the motor
resistance (Rm). Another conventional method senses the
motor current through the sense resistor (Rs) and voltage
across the VCM motor. Thig information is then used to

calculate the VCM motor resistance and the actual BEMF.



-2 [0007] It is generally inportant that there exists
a precise control over the velocity of the actuator
ina Hard Disk Drive (HDD). Mst conventional nethods
control the Voice Coil Mtor(VCM during the

[0007d/ wBl 08di NGen QPRI BY | O{hﬁér% Wil e r%éé)ade}c:lsts a

features. Such contro enabl es the act uator
t r t W, t hou t.he HDD
%/@%?éevggpﬁgaqcrogﬁ%esggaal At He R dig1 t Gh 2
spee 0 ch| eve ood vel Clt control
Ha]thcglh%l%éngﬁﬂ’% QIQ)S%{JOH 7t t8° Pk dORRY e”‘@éﬂﬁoﬁ]éclgontml
el ectromagneti¢c field %;BEM: vol tage and t he notor
thesiYehree Setdrallergr (YRMS ~ durdpgi caliey vem@d/unloading

difficult because notor resistances generally vary
Oml‘féht#%p‘é@t HPBst ey atanre boatl t heatergue Beghi rechtrol

as the armis brought up and down the ranp. [0009]
enRieres | $heheaetovakon needthansinproned wstefE afe ramp

nmet hods for controlling voice coil notors. -3 SUMVARY

witht] Aadbgthesethenbodi MBpt priRehudes %ﬁ@éﬁ@g %f ainst

controlling the velocity of a voice coil notor

tHe Gl ki 1 G35 BRFIAN G R 1K }{a%?eéddgfer ence between the VM
and a sense resistor and driving a velocity control

| oop
[0008] To achieve good velocity control, it is generally

important to extract the VCM back electromagnetic field
(BEMF) voltage and the motor resistance accurately. This
is typically wvery difficult because motor resistances
generally vary with respect to temperature and the torgque

required as the arm is brought up and down the ramp.

[0009] There is therefore a need for improved systems and

methods for controlling voice coil motors.



(VCL) based on the voltage difference. [0011] Another
enbodi nent includes a control loop «circuit, including
a current output connected to drive a voice coi

notor, the voice coil notor producing a back

el ectromagnetic field (BEMF) voltage. The circuit also
i ncludes a sense resistogygamanected to the BEMF
output, and a BEMF resistive network conprising a

i;St resi d nd resistor. .The circu
{°§V§o i%clSgégﬁgsggelggig§g@gﬁfﬁollFSEBdF§CLf cgﬁf%5¥%d°f

tq cantrol e Vvo]tage output according to a voltage
C%ﬁﬁ?éyl€ﬁgé %EFME%@#O? §Y aGtundt it FRélsappterr  (VCM),
, resistor and the current output and (ii) a junction
inglydidd | pepsiBgi st oFOéﬁégﬁhéglé%%@m:ﬁ? ebesrieen [0 2VCH

Anot her enbodi nent includes a hard disk drive. The
arghral geBvkedreséstar| ages dristiorage debéciandcantebie loop

coil notor (VCM connected to operate a VCM arm for
(WEadibegdadherstidreage Idisste e haartbali sk drive al so

i ncludes a VCM control circuit including a contro
loop <circuit connected to control the VCM as

[0683CT | BRdthes Nan@idHimdHO13L Gk st echni cal,d .3t ureg

may be readily apparent to one skilled in the art
cifdRmd he; fof | Mg, f LAWEES output connected to drive a

voice coil motor, the voice coil motor producing a back
electromagnetic field (BEMF) wvoltage. The circuit also
includes a sense resistor connected to the BEMF output,
and a BEMF resistive network comprising a first resistor
and a second resistor. The circuit also includes a
velocity control loop (VCL) connected to control the
voltage output according to a voltage difference between
(1) a Junction of the sense resistor and the current
output and (ii) a junction of the first resistor and the

second resistor.

[0012] Another embodiment includes a hard disk drive.
The hard disk drive includes a storage digk, and a voice
coil motor (VCM) connected to operate a VCM arm for
reading the storage disk. The hard disk drive also
includes a VCM control circuit including a control loop
circuit connected to control the VCM, as described
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descriptions and clains. -5 BRI EF DESCRI PTI ON CF THE
DRAW NGS [ 0014] For a nore conpl ete understandi ng of
this disclosure and its features, reference is now
made to the follow ng description, taken in
h&€egnnction wth the acconpanying draw ngs, in which:
[0015] FIGURE 1 is a sinplified circuit diagram
illustrating a continuous velocity control |oop

di t di t
OIS 6885 B CPESBTLEL MG A2y oomren
I | ust t f
tépr 8%:[{%;?8)%:3’?]3%%&'; a’%ﬁ%c@g&& gggo%hoﬁweg?ﬂﬁ%‘ﬁw%n fighgres,

0017]. FI GURE 3 depicts a flowhart of a process in

d % G %A% osed enbodi ment. -6 DETAI LED
DESCRI PTI ON [0018] The present disclosure is generally
related to the hard disk drive (HDD) voice coil notor
(VCM ranmp | oad/unl oad operation. In one enbodi nent,
the present disclosure provides a system and net hod
for controlling the VCMvelocity during ranp
| oad/ unl oad operation to avoid crashing the
read/ wite head onto the nedia.



[0019] FIGURE 1 is a sonewhat sinplified circuit

di agram of continuous velocity control |oop 100

according to one enbodi nent of the present

di scl osure. Control loop 100 generally includes a

back el ect r BragrebEscRIelrdofBEFrasy okhfgReEVbent) 102

produced by a VCM driven by an output «current, a

di gital -to-anal og converter (DAC) 104 and five
[OQH& i f Fers -avemogiety conphate anpiiddmrtaiddngnd) of this

anplifier 106, driver anplifier (Adriver) 108, driver
displédhes £4Bdriver feddOres|r eefarphibi €6 (BW @RdARL the

112, and BEMF sensing anplifier (BenfSenseAnp) 114.
fdowinlg | dapeAGh ahso inolades;cal ddAkian GOMRAMISOR he

and logic block 116. [0020] Control l'oop 100 shown in
2GR lidg dtviddd Ustd ahi.on, purposes only and may

i nclude various other suitable conmponents, such as

resistors, inductors and capacitors. Any one or nore

t he -described _anplifiers.my be, for ,

[Ogggnplg?egﬁgrat?onés anﬁlif?éwgflf%g?OOZTT“ﬁﬁﬂiro@lagram
.1.00p 100, general |y, control s_. BEMF vol t age Vbenf) 102,
LI 5 SORt HRSen BolaR. b SRR Lol Lemp, abgording

means of an input to DAC 104. The voltage at DAC 104
£9 Lrferfdteadiyngrey 1f dHid thpaantpraidicleostzmget  usi ng

Vel Cnd anplifier 106. As an exanple, when DAC 104

[0016] FIGURE 2 diagrammatically illustrates exemplary
embodiments of a data processing apparatus according to

the invention; and

[0017] FIGURE 3 depicts a flowchart of a process in

accordance with a disclosed embodiment .



provides a positive conmand, Vtarget causes the
voltage at the negative input of BenfSense anplifier
114 (i.e., node SNS INM to go higher, which in turn
causes the output of BenfSense anplifier 114 to go

lower. [0022] In tigssfienressdcMryeyt age (Vbenf) 102
is produced by a VCM driven by an output current from
QUTA to QUTS, and resistor Rmrepresents the VCM

(O0BIO! TrECBISERRGE A0 T80T O LS, 2645 9528838 e

resistor,  and ey “forma t ) o
t ic fi =) resistor network.
ha %f %gg??gﬁ%%gerggthbrsvo %8 n&e?t ec@§§8FiI¢V6ﬁBy amp

I ngl e deyice, but can be inplenmented as a plurality
léﬁéfﬁéé%? r SPEXELRABuN t I t ABGe Faskimemti.n the @mesent

[0023] Error amplifier 112 accunul ates the error
ISR/ HYS t RECVENRET iavePBStenchangds Welrhiadr £608 camdt rolling
Bdriver 110, to produce nore current from OUTA to
theuTSCMAsvehectyr ehtring sesynpt heo¥@Mibyed affbration to
devel ops the BEMF voltage , the voltage at positive
aviaplitcofsiBerd Sansereatlufies Hd dit®. thd1QeleSNS_| NP)
al so increases, until it matches the -8 voltage at
t he negative input of BenfSense anplifier 114 (i.e.

OBl RN, M SRR PR BBy e 1
of continuous velocity control loop 100 according to one
embodiment of the present disclosure. Control lcop 100
generally includes a back electromagnetic field (BEMF)
voltage (Vbemf) 102 produced by a VCM driven by an output
current, a digital-to-analog converter (DAC) 104 and five
amplifiers - velocity command amplifier (VelCmd)
amplifier 106, driver amplifier (Adriver) 108, driver
amplifier (Bdriver) 110, error amplifier (Error Amp) 112,
and BEMF sensing amplifier (BemfSenseimp) 114. Control

loop 100 also includes calibration comparison and logic

block 116.

[0020] Control loop 100 shown in FIGURE 1 is for
illustration purposes only and may include wvarious other
suitable components, such as vresistors, inductors and
capacitors. Any one or more of the above-described
amplifiers may be, for example, operational amplifiers.
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hand, if DAC 104 provi des a negative command, DAC 104
produces an inverted polarity Vbenf 102 which
eventually causes the VCMto nove in the opposite
direction. Thus, by changing the polarity of DAC 104,

[062di reshtopal 1Nt i0b Yerddiea MM ic%n@%‘?ailgvegﬂi\ldﬂ‘ Nyoltage

addition, in one enbodinent, tHe present disclosure

jyde e 4 to. cond nmuktil evel vel ocit
ﬁgﬁﬁ¥%%l%ﬁ§hus$%gd§%%ﬁer§Xf cnlse anér%%ﬁn[yggldﬂlt tput
of a latch_and across the_ranp

b t i
ol 18 fr%m]ofrhaenVb¥?%5£@§§f>§'§29&enﬁ The vothage at
| : 1667B
b PA0Y, AL Spperaade cheval nd Shashl o Bioduce Vtarget

SNS_I NP=( QUTB+Vbenrf)* Rs +0OUTA(1- Rs ) Rs+Rm Rs+Rm
usifgh. Ve hgmd sympdiif o2 ( DOFB+ViPar get ) exRIpQUTMidn RAC 104
(Egn. R1+R2 RI+R2 2) [0025] Now, assum ng that
pxReriiBense awplifiver ddWndvas, avtaeget( Qaudldssethe voltage
control loop 100 wll force the voltage at positive
at nphé  akgBetf,Senspanpbi f Benrbdhsel Lpliads 191 (i.e.,
SNS INP) to equal the voltage at the negative input of

ndBent eBSenANDIid | b 1A4ghbre. winode SNS LM ASSWD Ndre

output of BemfSense amplifier 114 to go lower.

[0022] In this figure, BEMF voltage (Vbemf) 102 is
produced by a VCM driven by an output current from OUTA
to OQUTB, and vresistor Rm represents the VCM motor
registance ratio. Resistor Rs acts as a sense resistor,
and Rl and R2 together form a back electromagnetic field
(BEMF)} resistor network. Note that particular resistors
are not necessarily only a single device, but can be
implemented as a plurality of resistors, as known to

thogse of skill in the art.

[0023] Error amplifier 112 accumulates the error causing
the VCM drivers, such as Adriver 108 and Bdriver 110, to
produce more current from OUTA to OUTB. As the current
rises, the VCM moves and develops the BEMF voltage , the
voltage at positive input of BemfSense amplifier 114

(i.e., node SNS_ INP) also increases, until it matches the
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that RI/R2 = RS/RM the relationship illustrated by
Equation 3 below results. V beinf = Vtarget = Vel G nd
oAl Tnp) Gain DAC (Egn. 3) [00261 The gain at Vel Cnd
anplifier 106 is typically set to one (1). Equations
voltadednd 3[:1?@0%@(_:}9@{‘@&3'1&1%%6 |Af"%%’@f%ﬂé@tam lifier 114
i nformati on regardi ng Rs/ can aid 1n seled%lng
-val ues fsar R2 t 0 the 100 [t .is te
(Bt B shS Be athaih 5 oEFe, P8htedtia s frene
enperature as th operates. Accordingly, in one
L0 i TR (O i ELeRE  HRBRo & Gt des GF nbbhogther
i ncluding _a siq?le cal i bration node. 100271 In one
haggpodi e REC chtt bPEFOVERisss perfagatddehycomnandng DAfe 104
VCMin either current control loop (CCL) or VCL,
pragucast arhelnvestedt pplatitie Vicemiofl tzhewhiintp deéoteally
starting the ranp | oad/ unl oad operation. Using known
caneebsthe NEMMIK RevaCEAl eheartbdatid Qigssctiod S Thus,
found that Rl/R2=Rs/Rmif the positive input of
byBe&hgﬁ@;&ﬁﬁt amplel f iR1akld 1 .86, Bode BN | NB) g eaval Sonal

to the voltage at the negative input of BenfSense
coftfPbifigs 144 (Y@ 15 NQAR1EVRg M 1 .[Oggéiti&b,on?n one

enbodi ment, an enhanced aut - cal'i brafi on nay e
enBSRLREHE] (hPOPLEGURE NS AU TG 8URGLL The o ity
to conduct multilevel velocity control by using different

settings for DAC 104 to get out of a latch and by

traversing across the ramp and media.

[0024] The voltage across OUTB and OUTA at steady state
are given by the relationships illustrated by Equations 1

and 2 below.

SNS _INP = (OUTB + Vbemf ) * rouTa -2
Rs+ Rm Rs+ R {Egn.
1)
Rl Rl
SNS _INM =(OUTB +Vtarget) * ————+ OUTA(l ————) (Egn.
R+ R2 ~ RI+R2 o

[0025] Now, assuming that BemfSense amplifier 114 has a
zero (0) offset, control loop 100 will force the voltage

at positive input of BemfSense amplifier 114 (i.e., node

-9,



a conparator. During calibration, the VCMis driven in
the CCL with RL i nplenented as a resistor tree, thus
the resistance tapping is auto increnented till the
conpar at or toggles. 100291 In one enbodi nent, R/R2

sneayNgg sed tquhe slighibyrabarger thannBsLRIGThi St of

serves two general purposes. First, this

Bef@feirQUr ali,on; avol dg gargi nal stabll hy. rypecond, (AL s,
. The

configuration imts the nmaxi nmum curre

Xi CM cu I s, given .lm = R,
e RdGa 1 BAC ecn oKL RoP r k0 R 1H) 1 bb3bIated by
Accordingly, enbodi nents of the present disclosure
E%@%&P&H Bylbﬁ’rlé’\‘?’i &88\?3?3%“ lity and al |l ows different
predeterm ned velocity profiles to be executed for
either current limting, programmble current

Vigref A ¥dargetvotViel ot Op AespfGaitoeDeo@i ng magheni-c 3)
| atches on the ranmp or clinbing the ranp, and quick
energency braking or deceleration routines, by neans
[0036] cStiter a¥d imgat h&eDAGd Riplanfhi <. 186condimgliyalilly set
one enbodi ment, the present disclosure provides the
toabohety(1p. qui ckpbrakend he VO byngseBtifigot® ayenerally
default ratio of Rl and R2 and DAC. 11
illustrate that information regarding Rs/Rm can aid in
selecting values for Rl and R2 to close the loop. It is
noted that Rm cannot be measured directly and changes
with temperature as the HDD operates. Accordingly, in
one embodiment, the present disclosure provides a method

including a simple calibration mode.

[0027] In one embodiment, calibration is performed by
driving the VCM in either current control loop {CCL)Y or
VCL, against the crash stop at the top of the ramp before
starting the ramp load/unload operation. Using known
resistor network principles and techniques, it is found
that RI1/R2=Rs/Rm 1if the positive input of BemfSense
amplifier 114 ({i.e., node SNS INP) equals to the voltage
at the negative input of BemfSense amplifier 114 {(i.e.,

node SNS INM) .

[0028] In one embodiment, an enhanced auto-calibration may

be performed to configure the BemfSense amplifier 114 as
10



[0031] In addition, current Iimting control may be
achi eved by adjusting the Rl to R2 ratio. Variations
in Rmacross certain tenperatures nay be achi eved by
adjusting the RL to R2 ratio. In one enbodi nent,
a avb@pREL€oRl and R% £aki brationod out hoegchRYi deyriven in
achieved by conparing SNS I NP and SNS INM [0032]
e @ighagga Hb&%hk%&'§§“§f£g§¥gé§P”P£§£¥ ghus the
enbodi nents of a data processing apparatus accordi ng
ta _.the inventiaon. The apparatus of FIGJRE 2 incl.ydes
s C%His%aé?ﬁﬁg'SOlﬁhic%u¥%cthﬁ§¥%¥ 14tllli the
arranged outside and near a storage disk 120. During
c ik WGP @I on, the VCM arm 130 rotates about
shaft 170 to nove the read/wite head 12 to the
requi red | ocations on the disk 120. VCM 140, that can
0BT npr epenit eBibadiingns, EorRéntiagnale voitteteoner ellightly
notor, known to those of skill in the art, is
laggrnectednt Roffen at e MCM arsari3@. AwdYCMertrdY oburposes.
circuit 150, which includes closed loop (CL) 100
Fidescri haed aboye rigueonnect egdyd paconks ol VEM 140abi1ity.
[0033] A data processing portion (e.g., a
IGr-opr or [ I i Cro; sspfzba -
Ty e & Cehmrea o ™ e Pard di Sk dr e 8% or "M
i tti , a [ .portion 81 to store
e D BT B ST o R 2t St or g
di sk 120. A user interface 82 is coupled to

Rl
Dy = Vel CmdGain * DAC (Eqn.
R1.Rin—R2.Rs

4)

{0030] Accordingly, embodiments of the present disclosure
generally provide versatility and allows different
predetermined velocity profiles to be executed for either
current limiting, programmable current profiles in both
pclarities for overcoming magnetic latches on the ramp or
climbing the ramp, and quick emergency braking or
deceleration routines, by means of controlling the DAC,
R1 and RZ. Accordingly, in one embodiment, the present
disclosure provides the ability to quick brake the VCM by

setting to a default ratio of Rl and R2 and DAC.

11



the data processing portion 81 for permtting - 12
comruni cati on between the data processing portion 81
and a user. In sone enbodi ments, the user interface
can include one or nore of a tactile interface, a

13U [ : an di o :i.nt.erface at
ontgocts, BRSE oes R BRGNY QUM ot Ay e

. | ary  embodi nent s a_deskt conput er, ..a_not ebook .

acgfé%pu dgr ,yagg%"rl%g%% t FglR?Lal%oas& SY3HEC ( PDX ?:18%18115 in
digital camera, [0034] During a retraction operation,

R AR SO0 Rt . CCTRE OGN AR TS50’ r v cchborrd B
shaft 170 and retracts the read/wite head 12 away

adipgrhitte ditsk R0, tR t B3 13218 des Iont 6nEhe ephpglmgnt,
to position the read/wite head 12 in a

autemadomt &R i agdsRat eadiiidratdopectodtoindwe whgkbel28hikmed
vari ous exenpl ary enbodi nents, the hard disk drive 80

byc aronipead ivge SNheENW ardwishaami.r et racti on
arrangenments, such as those described in U S. Patent
7,061, 707, hereby incorporated by reference. [0035]

[od32gurerdgepi £t sqRabl-aehesbatiyva PLoGEsSatBs  exemplary
accordance with a discl osed enbodi nent, as descri bed

entfbasiRiR 081 L ARAVe. pLB030L 1 h %%)gv%fg%%s et Mng o
) g contro | 0 , Senses

tHé“fﬁ%gkéﬁéﬁ?rfﬁgeaggéﬁggﬂst2% ¥SMURE 2 includes a hard
digsk drive 80 which includes a ramp 14 arranged outside
and near a storage disk 120. During hard disk operation,
the VCM arm 130 rotates about shaft 170 to move the
read/write head 12 to the required locations on the disk
120. VCM 140, that can be implemented wusing a
conventional voice control motor, known to those of gkill
in the art, is connected to operate VCM arm 130. A VCM

control circuit 150, which includes closed loop (CL)} 100

described above, is connected to control VCM 140,

[0033] A data processing portion (e.g., a microprocessor
device or microprocessor-based circuit) 81 is coupled to
the hard disk drive 80 for permitting the data procesgsing
portion 81 to store data onto and retrieve data from the
data storage disk 120. A user interface 82 is coupled to

the data processing portion 81 for permitting

-12-



and a sense resistor. [0037] In step 320, the VCM
control circuit, using control |oop 100, drives the
velocity control |oop based on the -13 sensed voltage
di fference. 10038] In step 330, the VCM contro

j j ' o] I 1 S .
B {or ) e 2SR G b bon 02 an

c rter (DAQL in the velocity ntrol | oop. 039]
a’E%%%%Fnenﬁélo%%Pﬁe %@%%%HTe%?%tlg: reuFSFat%ﬁ#?gé%ce can
. systens and nethods for. controlling voice coil notors.
“}%1 t PEGl aPF (K Sr 8erft 518§$I1&§8rén5i96§?‘6|@s @ visual
. system and nethod of controlling voice coil motors
IR R shgaRdorft nabdsondacardassty ddet réita | @OO0ESkAng

one enbodi nent, the present disclosure provides a
sytshod>HOf FXIRE o2 | cag bhe vel sointyesbmalueiycemboidiments,

notor (VCM . The method involves calibrating the
a caisialop | aemptua cagnpens aict shaokt heciipiftleri,n MCMpersonal

resi stance due to its dependence on tenperature and

diganenatad talgie whan | tde VNGBS dhdgst at the
top of the ranp before a head 1 oading operation, so
that the VCM speed and direction is controllable by a

[oﬁﬁﬁtfﬁﬂr?ﬁétégfeéPQHEESS oﬁéré@%ogf(in some embodiments,
the VCM arm 130 rotates about shaft 170 and retracts the
read/write head 12 away from the disgk 120. A tab 132
slides onto the ramp 14 to position the read/write head
12 in a non-contacting state with respect to the disk
120. In various exemplary embodiments, the hard disk
drive 80 «can include other wvarious head retraction
arrangements, such as those described in U.8. Patent

7,061,707, hereby incorporated by reference.

[0035] Figure 3 depicts a flowchart of a process in
accordance with a disclosed embodiment, asg described in

more detall above.

[0036] In step 310, the VCM control circuit, using control
loop 100, senses the voltage difference between the VCM

and a sense registor.

[0037] In step 320, the VCM control circuit, using control

loop 100, drives the velocity control loop based on the
13-



[0041] In another enbodi ment, the present disclosure
provides a velocity control circuit incorporating
every feature shown and described. [0042] In stil

anot her enbodi nent, the present disclosure provides a

seilhod o scntyidldd g dhe velocity of an actuator in
a hard disk drive incorporating every feature shown

and described. 14 [0043] In yet another embodinent,
ﬂﬁkﬁfoqﬂsﬁﬁg%ﬁgé§&JO§H§evgﬁrggﬁgﬁgla09£§8§§8|Qg%i%éégg%rol

rpora ever eature own and descri

004 I n anot her enbodi nent, the present disclosure
lO%Povﬁbgs aCﬂEFﬁ8gsinE%?pg$%ﬁ?%b“¥%eﬁvff§ ur E“¥hotihtn @

.and _described. [0045] Various enbodi nents enabl e
digiéeilse ovaprgdiony CEdRTsIr ofPAHe detia oreierEt hagentrol

di sk drive (HDD) by controlling the voice coil notor
loeyeM during, for exanple, |oading and unl oadi ng

operations of HDDs with a ranp |load feature. The

[0089] UatDfibddMtSe it @NSEL 8henbee@EentOlfi sthe sharp M theut:o a
i ncurring danage due to crashing against the nedia or

syE@BRsl Nk obespeeds. sBY USing A 1 i BEMR extLactiion notors,
resistor network and a velocity control |oop (V(lg,

Inarbaqgiec%ﬂavre, B% %%gssle@&’ @is@fc?srurreesb§5\6f‘gggs a system

and method of controlling voice coil motors employing

continuous mode velocity control.

[0040] In one embodiment, the present disclosure provides
a method of controlling the wvelocity of a voice coil
motor (VCM). The method involves calibrating the control
loop to compensate for the shift in VCM resistance due to
its dependence on temperature and generated torgue when
the VCM comes to rest at the top of the ramp before a
head loading operation, so that the VCM speed and
direction 1s controllable by a control voltage inputted

at the DAC.

[0041] In another embodiment, the present disclosure
provides a velocity control circuit incorporating every
feature shown and described.

[0042] In still another embodiment, the present
disclosure provides a method of controlling the velocity
of an actuator in a hard disk drive incorporating every

feature shown and described.
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sensing and velocity control circuit is forned to
drive VCMto a commanded velocity in a quiet and
conti nuous node. [0046] It may be advant ageous to set
forth definitions of «certain mords and phrases used

th| nt unent he ter psou e" _and,.it
|va gi%re %%’ PR o ?nBEFggP% Gidlosure
: nlcatlon betmeen tmo or nore eIenEnts whet her
Prcﬁv S t RoBECEFERERTs SHESh PMRTRAF a'i:b‘?ﬁ a@’t’erw figature
one another. The ternms "include" and "conprise," as
shopm \igld desieriasht i ves thereof, mean incl usion
without Ilimtation. The term"or" is inclusive,
meani ng and/or. The phrases "associated with" and
[064Hdsociint ednbhbeew ehbbdiasnwgl | ths derievahitvesiisclosure
thereof, may nean to include, be included wthin,
pHdtieleao Na e éle thcd, 1 @i b 1 t 18y C@ﬂb@kn%awﬂ&i fhown and
connect to or with, couple to or wt
degivagdcabl e with, cooperate with, interl eave,
j uxt apose, be proximte to, be bound to or wth,
have, have a property of, or the Iike [0047] While

OB15 LSRR GRELALT sty
BT O3 O R enaod gl ang, et ods 11 e sy
controlling the voice c¢oil motor (VCM) during, for
example, loading and unloading operations of HDDs with a
ramp load feature. The actuator thus transits onto or
off the ramp without incurring damage due to crashing
against the media or ramp in high speeds. By using a
BEMF extraction resistor network and a velocity control
loop (VCL), an effective BEMF sensing, a motor resistance
sensing and velocity control circuit is formed to drive

VCM to a commanded velocity in a quiet and continuous

mode .

[0046] It may be advantageous to set forth definitions of
certain words and phrases used in this patent document.
The term “couple” and its derivatives refer to any direct
or indirect communication between two or more elements,
whether or not those elements are in physical contact
with one another. The terms “include” and “comprise,” as

-15-



above description of exanple enbodi nents does not
define or constrain this disclosure. Oher changes,
substitutions, and alterations are al so possible
wi thout departing fromthe spirit and scope of this
wed1SClOS U 1 A% [dRId Nedhdbedhe TRLAOW NG-Ehl 88 ibhout
CLAIMS: 1. A systemfor voice coll notor velocity
. l._co i sing. a.four-node el ectrical bridge
llﬁg?%%? %Wﬁigééeg Sk Pgoplgpéfgbﬁfﬁﬁﬁﬁ1T?%ﬁl? eand/or‘
voltage levels at, a fjrst .node (Voc. TA),and_ second .
Thiod 6@11“33556%"ls""aﬁ‘fdi B e %‘%V\gﬁ‘%so hpyedstherewith,”
functions of the difference of voltage |levels at_a
ast Meld ndtle JEVSNSEENES) thedecdur tTaY nBgan( YoNS nayde g be
first resistor (R ) being electrically connected
ingdnded saitdhifii,r sintantorfrmatt hwitddessort sbronke r esnisé bned
(R2) and a target voltage (Vi,,,,et) being serially
wichinect ednnaerossosabd sedcehd andubtsertbonodes;waith, be
sensing resistor (RS) being electrically connected
coheweeabsal & ifdl, Stecab i dyinadesinede) 8avo) CeutOibose,
not or having coil resistance R,,, being connected
be®l SELLLGALLY @5 033 sgidngecopd apd thifd nades Ofave &
sai d bridge network; wherein, when the voice coi
tor is.brought to.a stop and ratio R, / R2 is
Pr& FF%Fand £6 EéesgﬁgFantially equal to ratio RS/

R, ,,, an induced back EMF of the voice <coil notor is
sybstantially equal to said target voltage (Via,,et), .
lﬂﬂéﬁfd‘@dﬂﬁet \%sﬁﬁagedmh?@%ﬁ %@Sng FESEEAPESnal cebtain
control voltage inputted at DAC (104) and the velocity
emppdimentsy einde asgidraidtoradaimtred omtlopdabl @lbyrations

varying the anplitude and polarity of said contro
andopeage tanpotisedfatt HoAE (Eh®Bdinznts syrsi emetd@oods dvihlyl be
to claiml, further conprising a conparator
apphtredit tathdé&r skilled in the art. Accordingly, the

above degcription of example embodiments does not define
or constrain this digsclosure. Other changes,
substitutions, and alterations are also possible without
departing from the spirit and scope of this disclosure,

ag defined by the following claims.
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(114) wth its positive and negative input termnals
being electrically coupled to said third and fourth
nodes, respectively, of said bridge network. 3. A
system according to claim?2, wherein the output of
Ccsaiyigonparator circuit (1 14) is electrically
coupled to said first node of said bridge network by
an error anplifier (112) and a first driver (Ad,;,,)

Ci rcpi [ f S sten1accord|ng to
Lclai%ﬁ%&g&ﬁé?gﬁﬁz @méﬁfveoc%XC%%F% ‘Bt or circuit

i s ef@etnoiiealdyicalobpd ndtwoﬁkainda seapad 16@@@5<9Eb1§6sh&1 that the

bri dge network by said error anplifier
Voé@é%%‘del:{;rf}t\ﬁefﬂse Bade (Ven)) @ gagprd aﬁféﬂ (Youar) of wa@a@@mﬁewtwmk

v \/\X] g@‘flﬁ%ﬁbﬁs@f@tﬁg o r@rg:e dt \%m{geof%@el {d%&é (?’ﬂ; 4},1,) ﬁgcé fourth

rein the control "voltage |npu

ncatal (Mgl aveb astatst rassor (R7) Geind d@(ﬁﬂ@iﬂﬂya&mﬁédﬂém@mbg Sy first and
one of clains 1-5, wherein at | east one of said first,
fough gRrsanaecorh sshgon@s) atdor éarngomgeam’mmemgseaaaliy connected

dc\’(?sré 3B Jn%sinﬁtf&irtl? AYAeR9a Sl g Ptto Qﬁsﬁ %gfngtele%ﬂ %c‘%ﬂg ?nnected

sel ecta e range o Fesi stance
beswteh shidrfist angtthiod Rpdds; akRa tfmcbeoasubstrahﬁtfmglcbiy lﬁnuﬂlbe RQ being
cond . ratio Rs / R stem accordin
CO&P%ﬁt‘?ﬁs cctijpdly Gicrps pd srond gingt é*"@brﬂﬂ%@afrw byiftas twmik
the yesiial anee tvakyige AbilSAbr Y rb't(ﬂ he 1§ §Sk ?ﬁd %%LO ;12 /' R, is
adj ust abl e/ sel ectabl e by a ca I on no e 6
calipragedctorgambgamtiadlly eghal t@utlputRss’lfgnah ihdnced bafk EMRiof the voice

cuit/a

oof| NG & elstarie [ Bt £0'Ri0 iy ol@ed g ‘SigeptRltage (Varsed

beﬁig%l@bor‘ﬁ%mﬁ@b@ ERRRRK 8 it pdifed ét%ﬁ@t{?@)@) didaéhle X/eFogH,ﬁlof said
to zero, that is, when said output of = said conparator

VoI APk Moot Boee controlirdle i chr viogt thgexngfilitdder amic polaNGNSE said

col keSS 8 R el X S ! Cuner i n e
voice coil is brought to

2. A system according to claim 1, further comprising a comparator circuit/amplifier

(114) with its positive and negative input terminals being electrically coupled to said

third and fourth nodes, respectively, of said bridge network.

3. A system according to claim 2, wherein the output of said comparator circuit
(114) is electrically coupled to said first node of said bridge network by an error

amplifier (112) and a first driver (Agriver) circuit/amplifier in cascade.
4. A system according to claim 3, wherein the output of said comparator circuit is
electrically coupled to said second node of said bridge network by said error amplifier

(112) and a second driver (Baiver) circuit/amplifier in cascade.

5. A system according to any one of claims 1-4, wherein the control voltage

inputted at DAC (104) has multiievel settings.
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a stop when said voice coil notor cones to rest at the
top of a ranp in a hard disk drive before a head

| oadi ng operation conmences. 9. A system according to
claim7 or 8, wherein said calibration nodule (116) is

I ' ut_<of ' g
62 ST e SRl b ol SR by CORBLEL o s

sepoly| antherrding sediddons A, aBl end eldy) St ar vargblec easfstayuliadn@sufficient

A resistor tree wWth selectable tappings providipng |

reSeli i i sBEBPIS T Sl PR Wi CeiPar e et id Trst ratio R, /

R{REde sufsaiallyenalith sansc LAl varRsaed first and second
ratios. 11. system according to any one of clains

7-10, wherein said first ratio R / R is set to be

sl i ght [ arger. t han sai econd ratio. Rs [. Rt )

7ot o ab S PE e B T s e PR ES e et g e apsiee
cur rget rekisined adigbf said WahRe &Gistor "Rt Mjustdtle/séectable by a
met hod for voice coil notor velocity contro

caliBFbion SneHe £ bl gecerdanae widdae onist pigaall leyal iadgaid comparator

. el e . 1 th: the volta | evel s a
cBELBSrE 01 CRHP RS SRR b SOLAAEE RS v
sigral dfysnid nehpmntor BI4Y ingbaand Aquains zefo, thaeisdivhEeEea eatput of
of voltage levels at a third node (VSNS INP) and ‘
saj EH‘PW"ﬁ‘gﬂéta(tﬁlﬁN@&gmf; whep gaid ypliegecdiferener oY ssmint r Vs o) 18
bobe j ~«R,) electrically connected across

Sugg?ﬁuﬂgggg% Bgﬁgxthird nodes of said bridge network; a
first resistor (R) electrically connected across said
fir;% and fourth nodes; cond resistor

L (R2) and a
8-t ar deSYYYPAEGEIERLCARY £29 PheluBR et iR teerqiesscoil is brought to
a 6} WRER said bofte 380 MGt oA LR 3991‘;35% ofty) gan?P ﬁ?ﬁ‘gﬁ:’agﬂisk drive
resistor (Rs) electrically connecte et ween sai
befgre gtheaghtbatlngraperaide sommehexssei n, when the voi ce coi
notor is brought to a stop and ratio R, / R2is
9. A system according to claim 7 or 8, wherein said calibration module (116) is

electrically coupled to the output of said comparator (114),

10. A system according to any one of claims 7-9, wherein said variable resistor is
configured as a resistor tree with selectable tappings providing sufficient resolution and

resistance values for meeting said conditions between said first and second ratios.

LI, A system according to any one of claims 7-10, wherein said first ratio R, / R, is
set to be slightly larger than said second ratio Ry / R,, to provide control loop stability

and to limit maximum current flow through said voice coil motor.

12. A method for voice coil motor velocity control comprising:

forming a four-node electrical bridge network in a feedback loop with:

the voltage levels at a first node (V) and second node (Vo) of said bridge
network varying as functions of the difference of voltage levels at a third node (Vgys i)

and fourth node (Vgys pmhs

I8



calibrated to be substantially equal to ratio R /

R ,,, an induced back EM- of the voice coil notor is

substantially equal to said target voltage (M.rb,,),
said target voltage (V,arget) being proportional to a

cont Qly; Ol di PGB tdr r\Pi‘t‘ﬁ .64 l%lst%ﬁeﬁgﬂec@gﬁ Egtﬁ%m\{%ltéﬁc hdi¥ss said

of said voice coil notor ontr
satang amgthitderodepdfi shidideidgadepalrgr i ty of said contro

o of Srison et dromeall BRTGHE HEORR ek dorh nodes

CONMPE k&Bfd @esw@&ﬁ?@ra@lﬁ%ﬁal‘g@{ Foltalol @B ﬁe Eorfnddifd i@YikOBetween
its OS|t|Ve an ne at|Ve|npUFtermn

S@@é%ﬁﬂﬂé@lﬁwﬂbﬁwﬁt%dndo said third and fourth nodes,

resp tlve 1d bri

S Lo LR L PTG e e LB noes
conpahatenf vetienClie tvoi @ cdtl Bk Babb¥gtauP] edptadsaiid R, / R, is
first node of said brldge network by a |rs? error

calippted febe sybptaptialhhenual fq Fasio Ry 4 &e,rarunﬂemdtbﬂakqﬁmlf?ioélthe voice
céﬁ'n V%Yse&?bsﬂa[]thaqgf eqtug?l t{) s*u tgl Uege t Eﬁ?ﬁ é?;?@r dy $ %&%f? vo{tger{]\/wécl)

bahg@tdpoetamaym@uo;htad Vioftagal u&@@@nm@@lﬂ)@ﬁn@medvelocny of said
bridge network by the second error anplifier éll )
VIR cail seelehds denyvemntioflplai y Anying ther apBitedsy @ng pofarity of said

ording to any one of clains
@gﬁﬁg&ﬁ§%ég%gﬁugﬁ@ﬁgﬂhpgol voltage inputted at DAC
(104) has multil evel settlngs 17. A nethod according
one . of clains 12-1 wherein at | east one

tai d Y mpied accsidighd dn é%’n‘@w@mrtb%bgﬁgﬁrsetwk fmzhear?ampuses a
cdRfpardtdr Qi@AUARARSfer" FISI'4 rvnh’a‘lltkg% fél&f GBdative inpyt terminals

resolution and a se e “ran resi stance v

ele@qcillyeduplod sesaid diid dnidrifstrth addes, RspettivdRR, dfgaidébridge netwmk.
substantially equal to said second ratio Rs / R ,,, 19
18. A nmethod according to claim17, wherein the

14.eSi §URIR&! ¥RbMEn Lo &eﬁirﬂlyQ\VHe?é?ll €he &ﬁﬁﬁt‘cotf%ld'c%m anato: circuit is
adj ust abl e/ sel ectable by a calibratio f in
elecdden i aentipledi to paidnrst node of said bridge network by a fnst eu01 amplifier

(112) and a first driver circuit/amplifier (Agmver) in cascade.

I5. A method according to claim 14, wherein the output of said comparator circuit is
electrically coupled to said second node of said bridge network by the second error

amplifier (112) and a second driver circuit/amplifier (Basiver) in cascade.

16. A method according to any one of claims 12-15, wherein the control voltage

inputted at DAC (104) has multilevel settings.

17. A method according to any one of claims 12-16, wherein at least one of said first,
second and sensing resistors (R,, R, and Ry) is a variable resistor having sufficient
resolution and a selectable range of resistance values required to set said first ratio R, /

R, to be substantially equal to said second ratio R/ R,
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out put signal |evel of said conparator circuit or
anplifier, and said resistance adjustnent is conplete
when sai d out put signal of said conmparator (114) is
substantially equal to zero, that is, when said

1 QUL PUE mBfhod 3Ly ra; eRUARE bk Ng{e-f-
o otk A0 R B B it v
resistys tiaratdjuatable/setpamblet by 2ecadibrati@n ndodubd Kibidh) Ao coeaidmgeet @ith the

R e S e AL S S e

isT@pipl@t WG daRPo@budsi bR sRidSe thidh B4 G {
ESa hepad_ | oadi ng (c))pglrl atTon cc?rrlrrendgg[%. t20.§ A) %e%u\ﬁgtgﬁﬁeﬁﬂf Squal 0
zegechedisng heo ssidapuipatSoforaidl 9ompiratoei( hl 4 atadtsdal tbpglatdrovhen said

I 116).is elgctrically coupled to the output of
VB UBEERRIVS et i o s St b o any
one of claim 12-20, wherein said at | east one vari abl e
resistor is configured as a resistor tree with

[Be| edtmphed puppling gy one of alginsut3-i & verprein thesolien ¢adinis brought
j.St yal for neeting.sai,d conditions. o
ol iob SRR Fol S Tug LB oI FEL G4 igBRbipep hara i

draecifalic rdich® loakiRigrop2dtionbemeaieAcgai d first ratio R/
R2 is set to be slightly larger than said second
ratio Rs / Rfor providing control |loop stability and

imgi i g I t [ sal. 6l Vo ' :
oA AU G0 6 DR OMBN B BLAT B 1
eleetiadiytopupied s dle caysit efrvad cangirmgr {id4).any one of

clains 1-11. 24. A disk drive conprising a voice coil

not or velocity control according to any one of method

216! ai AnekitoPecorfhg to any one of claim 12-20, wherein said at least one variable
resistor is configured as a resistor tree with selectable tappings providing sufficient
resolution and resistance values for meeting said conditions between said first and

second ratios.

22. A method according to claim 21, wherein said first ratio R, / R, is set to be
slightly larger than said second ratio Rg / R,, for providing control loop stability and

[imiting maximum current flow through said voice coil motor.

23. A disk drive comprising a voice coil motor velocity control system according to

any one of claims 1-11.

24. A disk drive comprising a voice coil motor velocity control according to any one

of method claims 12-22,
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